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Abstract: 
Carbon materials are used as electrode in a wide range of scientific and engineering applications. In 
many cases, the surface properties of the carbon electrode play an important role in the effectiveness 
of the material for a particular application. The ability to produce a carbon electrode with a particular 
desired surface could be of great use. This thesis reports on initial work on producing such bespoke 
carbon surfaces, with a view of real industrial applications.  
Graphitic felts are the bulk electrode material of choice in many fuel cell systems. However, to rapidly 
prototype different surface modifications, a simpler experimental set-up was required. Before these 
materials could be employed within a still, 3 electrode cell, further fundamental characterisation work 
was needed.  This involved the development of novel sample preparation techniques to ensure the 
surface of the GF was fully wetted, an area previous literature has not sufficiently addressed, as well 
the use of simulations to probe the pore sizes of the material. Also, whilst reducing the analyte 
concentration to minimise the signal interference from solution resistance, it was noted that the GFs 
were able to detect very low quantities of analyte while still producing a significant signal. This 
revelation led to a further investigation into the potential application of GFs in electrochemical 
sensory applications.  
The development of techniques for the electrochemical modification of graphite felts with protected 
diazonium compounds has also been demonstrated, and groundwork laid for the future 
functionalisation of this surface layer has begun. Initial work focussed on controlling the deposition of 
unprotected diazonium compounds, such as 4-nitroanaline, onto a planar carbon surface, using 
electrochemical control to deposit a monolayer. Due to the highly reactive nature of the aryl 
diazonium, by which C-C bonding, and therefore surface grafting is achieved, forming a single 
monolayer was difficult and the surface was coated in a multilayer of material. Moving from planar 
carbon and armed with a clearer understanding of GFs as electrode materials, investigations began 
into using protected diazonium compounds, i.e. ones with large terminal groups to sterically reduce 
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the likelihood of multilayer formation, as a route to grafting a single monolayer of material to a GF. 
The additional benefit of these materials was the potential to remove the bulky, protecting group, 
post-grafting, to allow functionalisation of the surface layer with a desired terminal group. The use of 
STM and Raman spectroscopy confirmed the success of this post-grafting functionalisation when 
applied to a gold substrate, whilst electrochemical and SEM techniques suggest equal success for the 
GF. Whilst the grafting of a single monolayer has not been shown by this study, it has laid the 
foundation for further work to continue in this area, as well as opening other opportunities to 
investigate further applications of GF electrodes, particularly as a sensor material.   
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Symbols and Abbreviations: 
Symbol Units Meanings 
Aelec cm2 Area of electrode 
ai none Activity of species i 
Cd F cm-2 Differential capacitance of the double layer 
Co F cm-2 Specific capacitance 
𝑐∗ Mol Concentration of bulk solution 
Di cm  s-1 Diffusion coefficient of species i 
d cm Distance 
E V Electrode potential versus a reference 
EFermi eV Fermi level 
Ef V Formal potential 
Eo V Standard potential 
Ep V Peak potential 
ΔEp V Difference between peak potential of anodic and cathodic processes 
Epa / Epc V Anodic / Cathodic peak potential respectively 
F C Faraday’s constant 
fe none Fraction of edge plane 
G kj mol-1 Gibbs free energy 
ΔG kj mol-1 Change in Gibbs free energy 
ΔG‡ kj mol-1 Standard Gibbs energy of activation 
ΔrG kj mol-1 Change in reaction Gibbs free energy 
I A Current flow 
Ia / Ic A Anodic / Cathodic peak current respectively 
Ip A Peak current 
Io A Exchange current 
J A cm-2 Current density 
Jo A cm-2 Exchange current density 
j mol cm-2 s-1 Flux 
k order dependant Rate constant for a heterogeneous reaction 
ko cm s-1 Standard heterogeneous rate constant 
Lcf Cm Carbon fibre length 
m G Mass of electrode 
n None Stoichiometric number of electrons involved in a reaction 
N Mol Stoichiometric number of mols involved in a reaction 
Q C Charge passed in electrolysis 
Q none Reaction quotient 
QF C Faradaic current 
R J mol-1 K-1 Molar gas constant 
r Cm Radius 
Rp cm  Pore radius 
Rs Ω Solution Resistance 
T K Absolute temperature 
t s Time 
v V s-1 Linear potential scan rate 
Vcf cm3 Carbon fibre volume 
x none Coordinate of diffusing ions 
x cm Unit cell dimensions 
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z C Charge 
 
Symbol Units Meanings 
α none Transfer coefficient 
γ none Activity coefficient of species i 
δ cm Diffusion layer thickness at the electrode surface 
η V Overpotential 
Φβ V Potential 
Φ none Porosity of graphite felt 
i kj mol
-1 Chemical potential of species i 
cf g cm-3 Density of graphite felt 
χ none Dimensionless parameter 
 none Dimensionless current 
 
Abbreviation Meaning 
BET Brunauer–Emmett–Teller 
BPPG Basal plane pyrolytic graphite 
CVD Chemical vapour deposition 
DOS Density of states 
EPPG Edge plane pyrolytic graphite 
GC Glassy carbon 
GF Graphite felt 
HOPG Highly orientated pyrolytic graphite 
IHP Inner Helmholtz plane 
LoD Limit of detection 
LoQ Limit of quantification 
NP Nanoparticle 
OHP Outer Helmholtz plane 
PAN Polyacrylonitrile 
PEEK Polyether ether ketone 
PEM Proton exchange membrane 
PFCE Plastic formed carbon electrode 
POM Polyoxometalate 
SCE Saturate calomel electrode 
SECCM Scanning electrochemical cell microscopy 
SEM Scanning electron microscopy 
SHE Standard hydrogen electrode 
SHINERS shell-isolated nanoparticle-enhanced Raman spectroscopy 
STM Scanning tunnelling microscopy 
TBAP Tetrabutlyammonium perchlorate 
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1.1 Introduction 
Fossil fuels currently account for over 80% of the world’s energy production [3, 4]. Taking millions of 
years to form, fossil fuels are not a sustainable source of power generation [4, 5]. There is uncertainty 
on exactly when fossil fuels will run out as new deposits are found and new removal techniques allow 
more effective use of existing reserves [3]. Despite this, the annual usage of fossil fuels continues to 
increase, which is a significant problem with a finite resource [6]. This is not the only issue currently 
facing the world in terms of fossil fuel usage. The burning of fossil fuels releases large amounts of 
‘greenhouse’ gases, such as CO2, N2O and CH4 into the atmosphere [7, 8]. These have a proven link to 
global warming, a rise in the temperature of Earth’s climate [9]. One of the most common fossil fuel 
burning systems is the internal combustion engine found in vehicles the world over. With continuous 
rises in the cost of oil, finding an alternative method of powering vehicles would have major economic 
benefits. If the technology that can replace the internal combustion engine is also less polluting, then 
the environmental impact of vehicles is lessened, whilst increasing the quality of life in urban centres 
(for example, by decreasing the cases of respiratory illness caused by poor air quality) [10, 11]. Fuel 
cells may be one such technology that can achieve these aims. 
Fuel cells are energy conversion devices, converting chemical energy to electrical energy. There are 
various types of fuel cell but they all work on the general principle of electrical power generation 
through a chemical reaction. While different types of fuel cell operate slightly differently, the basic 
principle is that the fuel H2 gas is catalytically oxidised at the anode into protons and electrons. The 
electrons are conducted away from the anode and pass through an external circuit to the cathode. 
Protons carry the ionic current across the membrane to the cathode, where they are involved in the 
direct reduction of oxygen (from air) forming water. 
 Fuel cells are generally a much environmentally cleaner alternative to traditional fossil fuel methods 
of power generation, providing solutions across many energy sectors. Using fuel cells for 
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transportation applications will lead to an improvement in air quality by reducing the CO2, NOx and 
hydrocarbon emission of combustion engines. They can be used in stationary power applications, both 
industrial and domestic, as well as providing energy storage, with some governments already looking 
to implement hydrogen infrastructure. Germany, for example, is aiming to install 400 hydrogen 
refuelling depots by 2023 [12]. Excess electricity could be used to electrolyse water, generating H2 for 
later use as a fuel. Whilst for some applications, financial viability still remains an issue, in others fuel 
cells are already economical alternatives to existing power sources. Fuel cells are already in use in 
materials handling applications with companies such as Walmart investing in fuel cell materials 
handling vehicles for use in warehouses, whilst numerous fuel cell bus programs are currently 
underway globally [13-15]. 
1.2 Fuel Cell Types:  
There are several types of fuel cell.  The most common include the solid oxide, molten carbonate, 
phosphoric acid, alkaline and polymer electrolyte fuel cells (PEFC). Their main characteristics are 
summarised in the table below [1]. 
P a g e  | 16 
 
 
 Solid oxide fuel cells (SOFCs) consist of a ceramic, porous anode, a porous cathode and a solid, ceramic 
electrolyte [16]. The cathode reduces O2 to O2- which then diffuses through the membrane to the 
anode and oxidises the fuel. The fuel most commonly associated with SOFCs is H2 gas, but light 
hydrocarbons such as methanol/methane can be reformed within the fuel cell to produce H2. In order 
for the ceramic material to be conductive, both electronically and ionically, the solid oxide fuel cell 
operates between 500°C and 1000°C. Due to the temperature range and the weight of the ceramic 
materials, this type of fuel cell is not suitable for use in automobiles, but has found use as stationary 
power generation units. The reaction mechanism is as follows [1, 17-19]: 
Anode:  H2 + O2  H2O + 2e-       (1.1) 
Cathode: ½O2 + 2e-  O2-        (1.2) 
Table 1: Summary of differences between fuel cell types [1]. 
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Overall:  H2 + ½O2  H2O       (1.3) 
Molten carbonate fuel cells operate at similar temperatures to solid oxide fuel cells, but instead of a 
ceramic electrolyte they typically use a lithium potassium carbonate salt [20]. H2 gas or reformate 
produced from light hydrocarbons, is reduced at the anode to produce electrons and protons. O2 and 
CO2 are brought together at the cathode to form CO3-2 which is ionically conducted by the electrolyte 
to the anode to reform CO2 and produce H2O. Again, the high temperature couple with the liquid 
electrolyte makes molten carbonate fuel cells more suitable for static installations [1, 17-19].  
Anode:  2H2 + 2CO32-  2H2O + 2CO2 + 4e-     (1.4) 
Cathode: 2CO2 + O2 + 4e-  2CO32-      (1.5) 
Overall:  2H2 + O2  2 H2O       (1.6) 
Alkaline fuel cells have been heavily developed and were used by NASA during the 1960’s, for the 
Apollo series of missions. H2 gas is used as the fuel, oxidised at the anode forming protons and 
electrons. An aqueous alkaline electrolyte transports hydroxyl ions from the cathode to the anode to 
form H2O [21]. This type of fuel cell is more attractive for use in automobiles due to the lower 
operating temperature, typically 100°C, but the poor power density associated with this cell prevents 
this application. The disadvantages are the requirement for pure O2 gas, which adds additional 
expense, as the electrolyte can be easily poisoned by CO2 [18, 19].  
Anode:  2H2 + 4OH-  4H2O + 4e-      (1.7) 
Cathode: O2 + 2H20 + 4e-  4OH-       (1.8) 
Overall:  2 H2 + O2  2 H2O       (1.9) 
1.2.1 Polymer Electrolyte Fuel Cell (PEFC). 
By far the most appropriate for use in automobiles, whilst also being suitable for static and portable 
electricity generators, is the polymer electrolyte fuel cell (PEFC), represented in Figure 1.1 [22, 23]. 
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This type of fuel cell can operate in the relatively low temperature range of 50-80°C. The mechanism 
for the PEFC reaction is as follows [1, 17]: 
Anode:  H2  2 H+ + 2e-   (𝐸° = 0 V vs. SHE)   (1.10) 
Cathode: O2 + 4 H+ + 4e-  2 H2O  (𝐸°  = 1.23 V vs SHE)   (1.11) 
Overall:  2 H2 + O2  2 H2O  (𝐸°(𝑐𝑒𝑙𝑙)= 1.23 V vs SHE)   (1.12) 
𝐸°(𝑐𝑒𝑙𝑙) is the standard potential of the fuel cell from the potentials of the anodic and cathodic 
processes, where: 
𝐸°(𝑐𝑒𝑙𝑙) = 𝐸°𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 - 𝐸°𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛       (1.13) 
In this process, 𝐸°(𝑐𝑒𝑙𝑙) is positive 1.23 V vs SHE. The Gibbs free energy (∆𝐺°) of a system shows how 
thermodynamically spontaneous a process is, and relates to the 𝐸°(𝑐𝑒𝑙𝑙) by: 
∆𝐺° =  −𝑛𝐹𝐸°(𝑐𝑒𝑙𝑙)         (1.14) 
Where F is the faraday constant and n is the number of transferred electrons. As the value for 𝐸°(𝑐𝑒𝑙𝑙) 
is positive, the value for ∆𝐺° is negative which shows that overall reaction is thermodynamically 
spontaneous. 
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Typically, the anode and the cathode both contain a catalyst which is often nano-disperse to improve 
surface area. Platinum is the optimum elemental catalyst, but other elements or compound can be 
used (such as Ru or Pd). Platinum catalyses the hydrogen oxidation reaction with high activity and 
good durability [24]. For the cathode, much higher platinum loadings are required due to the slow 
rate of the oxygen reduction reaction [23, 25]. The electrolyte is a thin membrane that is ionically 
conductive but electrically insulating. Typically, this membrane is a material called Nafion® or a 
variation of it (polyfluorinated sulphonic acid, PFSA). Nafion® is a super-acid, with sulfonic acid groups 
attached to a Teflon-like polymer backbone. The sulfonic acid groups generate an environment which 
promotes ionic conductivity, providing the membrane remains moist. 80°C is generally regarded as 
the upper range of PEFC, above this temperature it becomes too difficult to maintain the hydration of 
the membrane, resulting in an increase in the ohmic resistance, resulting in a loss of performance. 
Figure 1.1: Diagram of PEFC processes, where PEM is the proton exchange membrane, 
typically an ionically conductive polymer, such as Nafion®. 
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PEFC have certain challenges to overcome before they can be considered as a replacement to the 
internal combustion engine. The diagram above (Figure 1.2) shows the state of technological 
advancement required as of 2013 by the US Drive: Fuel Cell Technical Team [10]. In the diagram the 
technical requirements for fuel cells are given a score between 0 and 1, with 1 being the minimum 
target required. Currently the cost and durability of the cell is the major limitation to bringing PEFC 
into the wider market. The target system cost is around $40/kW within the next 5 years. The cost of 
the precious metal catalyst is particularly high and any system that can reduce the amount required 
will significantly lessen this hurdle [24]. For durability, the target is 5000 hours of operation with a 
performance loss of less than 10%. This must also cover the wide range of environmental conditions 
(like temperature and humidity) as well as driving situations (bumpy surfaces, city/motorway driving). 
During the lifetime of the fuel cell the total surface area of the platinum catalyst is significantly 
reduced, affecting the durability of the system. The direct reduction of oxygen on platinum within the 
fuel cell is a difficult reaction and requires a large surface area of platinum to run the cell efficiently. 
Figure 1.2: Web chart showing PEM fuel cell targets against current status [10]. 
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Due to the selectivity of the 4 e- reduction of O2 at the cathode, alternative reactions can occur, 
resulting in peroxide and free radical production which can damage cell components.  
As mentioned previously, fuel cells can require extreme temperatures, whilst PEFCs run at lower 
temperatures of around 50-80°C, this is still hot enough to cause further engineering challenges. Like 
all fuel cells, the temperature of PEFC must be regulated to reach optimal performance; this is usually 
achieved through the use of a liquid cooling system around the fuel cell. Furthermore; the proton 
exchange membrane itself must be prevented from drying out.  If membrane drying occurs the ionic 
resistance increases, which negatively impacts the fuel cell performance. Even at the lower end of the 
PEFC operating temperatures membrane drying is a common problem and may lead to durability 
issues. 
1.2.2 Chemically Regenerative Redox Cathode (CRRC) PEFC: 
An alternative approach to the traditional PEFC cathode reaction is via the indirect reduction of O2. 
ACAL Energy has been developing a novel fuel cell that replaces up to 80% of the platinum from a 
typical PEFC, by employing a liquid catalyst system for the indirect reduction of oxygen [2, 26], 
described in Figure 1.3. Referred to as a ‘catholyte’, this aqueous solution significantly reduces the 
cost, due to the reduction in required platinum and is not susceptible to poisoning on the cathode 
greatly increasing the durability of the fuel cell. 
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Much like traditional fuel cells, the novel fuel cell uses H2 gas as a fuel, which is oxidised at the platinum 
anode to protons and electrons. The protons pass through the Nafion® membrane whilst the electrons 
pass through the circuit providing electrical work. At the cathode side of the membrane protons pass 
into the aqueous solution and the electrons reduce the catholyte molecule. The solution is pumped 
around to a regenerator where the reduced catholyte undergo a chemical reaction producing H2O and 
oxidised catholyte. Whilst there are challenges to overcome engineering a fuel cell for such a novel 
system, there are additional benefits. The aqueous catholyte is ideal for preventing membrane drying, 
as it is in constant contact with the membrane and maintained at a constant concentration. The liquid 
catholyte system also aids with heat management of the CRRC. Traditional PEFCs usually run at a 
maximum temperate of 80oC as anything above this can lead to drying of the membrane.  The 
membrane in the CRRC is in constant contact with the liquid catholyte, allowing for a higher maximum 
temperature, improving the electrode kinetics. Whereas a traditional PEFC requires an external 
cooling system, increasing both the cost and complexity, in the CRRC the higher heat capacity of the 
Figure 1.3: Diagram of ACAL’s CRRC PEFC processes including liquid catholyte and regenerator. Where 
PEM is the proton exchange membrane. 
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catholyte means it is able to transfer the heat from the system to an in-line heat exchanger. This 
removes the need for an external system, reducing cost and size of the cell.  
A key component of a CRRC PEFC system is the catholyte. To date, the most promising catholytes have 
been based on a polyoxometalate (POM) molecule, with formula HxNayPMo12-zVzO40, where x + y = z + 
3, and z is between 1 and 4 [26, 27]. POMs are inorganic molecules whose 3D structure is self-
assembled from 2 or more oxyanions in an acidic solution [28, 29]. POMs consist of transition metals, 
often of different elements, connected by linking oxygen atoms. These large compounds are generally 
anionic and can take on a number of different framework depending on the particular elemental 
makeup and conditions in which they are formed (temperature, pH and concentration). 
 The metal atoms that make up the shell are referred to as the addenda atoms and are normally V, W 
or Mo. Many POMs also contain a central hetero atom with coordination numbers between 4 and 12 
depending on the structure of the POM. The POM used in ACAL’s CRRC catholyte are of the Keggin 
structure depicted in Figure 1.4 [2, 28]. 
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Unlike the traditional PEFC, where the thermodynamics are dependent on the reduction of oxygen to 
form water with an open cell voltage (OCV) of 1.23 V vs SHE, this flow cell’s OCV is controlled by the 
catalyst used within the catholyte solution, which is usually less [30]. The anode reaction resembles 
that of a conventional PEFC with H2 oxidised to H+ and electrons. The overall reaction for the CRRC is 
identical to that of a standard PEFC, with water vapour as the only product. The cathodic reaction is 
noticeably different as it involves the of V(V) to V(IV). 
Anode:    H2  2 H+ + 2 e-      (1.15) 
  
Liquid cathode:   2 V5+ + 2 e-  2 V4+     (1.16)  
 
Regenerator:   2 V4+ + 2 H+ + ½ O2 = 2 V5+ + H2O    (1.17) 
  
Overall:   H2 + ½ O2  H2O     (1.18) 
However, the regeneration reaction requires a lower redox potential than that for the reduction of 
O2, which typically limits the open circuit voltage (OCV) to <1 V (as the reduced liquid cathode must 
be oxidised by the O2) [30, 31]. Whilst this maximum OCV could appear low when compared with 
Figure 1.4: Structure of the α-keggin polyoxometalate molecule [PMo12O40]3-, where Mo is blue, P 
is green, and O is red. In the HxNayPMo12-zVzO40 structure V will replace Mo. For clarity, the 
hydrogens have been excluded. Reproduced from ref. [2]. 
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standard PEFCs, the faster kinetics of the O2 reduction of the catholyte more than make up for the 
difference [2, 32, 33].  
The cathode used in the CRRC is a form of graphitic carbon fibre formed into an unordered felt 
material. It is a commercially available felt, called GFD2.5, supplied by SGL Group (Germany), with a 
nominal thickness of 2.8 mm (measured under a slight compressive force). Despite its commercial 
availability, there are many unknown factors regarding the felt, such as how its structure relates to its 
electrochemical activity. Previously; a collaborative research project between ACAL and Dr Ben Alston 
at the University of Liverpool, investigated how concentration of POM affected current flow. It was 
found that increasing concentration did not increase current flow to the magnitude expected, but 
resulted is a reduced current flow. One possible cause could be deposition of POM and related 
material onto the electrode surface, which has previously been discussed in literature [34, 35]. 
1.3 Aims and Objectives 
The focus of this thesis is to investigate methods of chemical surface engineering of carbon 
materials, with the aim to improve the efficiency of the advanced CRRC fuel cell. The main goals of 
this work are to characterise the porous graphitic carbon felt currently used as the cathode material 
within most advanced CRRC fuel cells and to investigate the grafting, and characterisation of, a 
surface layer to a carbon electrode. In order to better understand their fuel cell, ACAL requires an in-
depth investigation into the structure and properties of the carbon felt materials. This thesis will aim 
to examine the use of this graphitic felt as an electrode material, to develop a suitable method for 
the repeatable trialling of different porous electrodes and surface modifications. This method will 
need to both cost effective and rapid, preferably without the need to build a fuel cell for each 
iteration, using a conventional glass cell instead for example. Once this has been achieved, the 
surface modification experimentation can begin, generating a reliable technique for the creation and 
functionalisation of a stable surface layer, without inhibiting the electrochemical activity of the 
graphitic felt. 
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Note: ACAL Energy Ltd ceased trading in July 2017. 
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2.1 Thermodynamic considerations 
The thermodynamics of a system can show which direction a chemical process will take. The chemical 
potential of each species in a chemical system is a key parameter in the explanation of a systems 
thermodynamics. The following homogenous system describes the reversible change of species A to 
species B: 
A B           (2.1) 
Using this simple reaction, a chemical potential I, is applied to each species, i, leading to the equation: 
i = i
o + RT ln ai         (2.2) 
Where io is the standard chemical potential of species i, R is the molar gas constant, T is temperature 
and ai is the activity of species i [2]. When the reaction is at equilibrium, the chemical potential of 
reactant and product species, A and B, must be equal.  
A = B           (2.3) 
Moving from a chemical reaction, to an electrochemical reaction at the electrode-solution interface, 
the laws of thermodynamics are maintained, but additional factors must be taken into consideration. 
2.1.1 Electron Transfer at the Solution-Electrode Interface 
To better describe the heterogeneous reaction, we can consider the following electron transfer 
reaction between an electrode and species A and B.  
( -1)A Bn ne             (2.4) 
In the above equation species A and B exist in the solution phase and the solid phase electrode is the 
electron source for the reaction. Due to the presence of an electric field, the energy of the charge 
species is adjusted by 𝑛𝑖𝑧𝑖𝐹𝜙𝛽. Where zi is the charge of species i, F is the Faraday Constant,  is the 
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potential of phase within which species i is found [3-5]. Therefore, the molar Gibbs energy for these 
species is described by the electrochemical potential, 𝜇𝑖, as follows. 
lni i i iz F RT a             (2.5) 
When the above reaction is at equilibrium, we obtain the condition: 
     A S A M B S Bln ln ( 1) lne enF RT a F RT a n F RT a               (2.6) 
Where S refers to the potential in solution phase and M refers to the potential of the solid, electrode 
phase. This equation can be rearranged to obtain: 
(
𝑀
− 
𝑆
) =
1
𝐹
(𝜇𝐴
° + 𝜇𝑒 − 𝜇𝐵
° ) −
𝑅𝑇
𝐹
𝑙𝑛 (
𝑎𝐵
𝑎𝐴
)     (2.7) 
This gives us the interfacial potential of the half-cell, (M-S), at the electrode surface. This equation is 
an alternative form of the Nernst equation, which is generally expressed as: 
Rln
RT
E E Q
nF
           (2.8) 
Where E is the electrode potential, E° is the standard electrode potential, n is the number of 
transferred electrons and QR is the reaction quotient. If the A-B half-cell was measured with respect 
to with the standard hydrogen electrode (SHE), the electrode potential of the whole cell would be 
described by the Nernst equation [1-6].  In this particular case the electrode potential, E, would be 
equivalent to the potential of the A-B system (by definition the SHE potential is zero) and the reaction 
quotient would be given by:  
𝑄 =  
𝛾𝐵[𝐵]
𝛾𝐴[𝐴]
          (2.9) 
Where i is the activity coefficient of species A or B and [4]: 
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𝑎𝐴 = 𝛾𝐴
[𝐴]
𝐶𝑜
          (2.10) 
𝑎𝐵 = 𝛾𝐵
[𝐵]
𝐶𝑜
          (2.11) 
Where Co is the standard concentration (1 M). The Nernst equation describes the relationship 
between the actual cell potential and the standard potential and reaction quotient. It can be simplified 
by the addition of the formal potential Ef in place of the standard potential E°: 
𝐸 = 𝐸𝑓 −
𝑅𝑇
𝑛𝐹
𝑙𝑛
[𝐵]
[𝐴]
          (2.12) 
where:  
𝐸𝑓 = 𝐸
𝑜 −
𝑅𝑇
𝐹
𝑙𝑛 (
𝛾𝐵
𝛾𝐴
)         (2.13) 
The formal potential is the measured potential of the half-cell when concentrations of A and B are 
equal, and includes the activity coefficient of the species [3-5]. From equation 2.12 we can see that 
any change in the interfacial potential will cause the position of equilibrium to shift, resulting in a 
change of species A and B concentrations within the interfacial region. This allows us to understand 
how the application of an external voltage across the electrode-solution interface affects the 
thermodynamics of an electron transfer reaction. How quickly this response occurs can be determined 
through the study of electrode kinetics. 
2.2 The Electrochemical Cell 
Electrochemical cells are commonly divided into two groups, electrolytic cells and galvanic cells. 
Galvanic cells are comprised of two electrodes, and like any cell, have an oxidation process occurring 
at one electrode and reduction at the other [4]. These two simultaneous processes represent two half-
cell reactions required for a complete cell. The Daniell cell is the classic example of a Galvanic cell 
where zinc and copper electrodes are place in zinc and copper sulphate solutions, respectively. The 
two half-cells must connect through an ionically conducting medium, for example, by a porous 
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membrane. The transport of ions across this membrane will be balanced by the electron flow around 
the connecting external circuit. For spontaneous reaction to occur, and current to flow, the cell 
potential, Eo(cell), must be positive: 
𝐸(𝑐𝑒𝑙𝑙)
𝑜 = 𝐸𝑟𝑒𝑑
𝑜 − 𝐸𝑜𝑥
𝑜          (2.14) 
The spontaneity of a reaction is determined by the reaction Gibbs free energy, ∆𝑟𝐺 [2]. For the case 
above, when Eo(cell) is positive the related Gibbs energy will be negative, allowing the reaction to 
proceed: 
∆𝑟𝐺𝑜 = −𝑛𝐹𝐸(𝑐𝑒𝑙𝑙)
𝑜          (2.15) 
 For electrolytic cells it is not possible to directly measure the interfacial potential (M-S), the 
difference between two half-cell electrode reactions is measured instead [4]. The redox active species 
of interest makes up the first of the two half-cell reactions and a reference electrode or reference cell 
makes up the other half. A reference electrode works on the principle of an ideal nonpolarizable 
electrode, one where there is no change in potential when current passes through it. In practice, an 
extremely small amount of current passes through the reference electrode of an electrochemical cell, 
allowing it to maintain a near constant potential.  This constant interfacial potential allows the 
potential difference to be determined by: 
𝐸 = (𝜙𝑀 − 𝜙𝑆)𝐴𝐵 + 𝐼𝑅𝑆 + (𝜙𝑆 − 𝜙𝑀)𝑟𝑒𝑑      (2.16) 
Where (M-S)AB is the interfacial potential for the redox couple of interest,  I is the current flow, Rs is 
the solution resistance and (S-M)ref is the interfacial potential of the reference electrode. For 
electrochemical reactions where there is current flow, the IRs term can either be compensated for via 
electronic or computational methods, or reduced experimentally by minimising the distance between 
the reference and working electrodes, reducing electrolyte concentration and/or using smaller 
electrodes to reduce I [7, 8]. The fundamental reason for using a reference electrode is that it 
maintains a constant potential, allowing equation 2.16 to be re-expressed as: 
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 M S ABE constant            (2.17) 
 The reference electrode used in Figure 2.1 is the SHE, which by definition has a potential of zero, at 
zero current, leading to E = (M-S)AB. 
 
 
Ensuring that (S-M)ref remains constant is a key requirement of a potentiostat for a current/potential 
experiment, along with ensuring it changes in the desired way for dynamic potential experiments. In 
order to achieve this a counter electrode is employed, creating a three-electrode system. The 
potentiostat is designed such that current flows between the counter and working electrode, with 
negligible current through the reference. The potential difference is then measured between the 
reference and working electrode.  
2.2.1 Structure of the Solution-Electrode interface 
 Adjacent to the electrode surface the electroneutrality of the electrolyte solution is not preserved, 
generating a potential across the solution-electrode interface [9]. The first model proposed to describe 
this region was by Helmholtz. The interface is described as a capacitor, where the solution must 
Figure 2.1: Diagram of a 3 electrode cell in solution where the reference electrode is 
the SHE and equivalent circuit diagram. 
P a g e  | 36 
 
balance the charge at the electrode with an opposing layer of oppositely charged and solvated ions 
parallel to the surface, at the Outer Helmholtz Plane (OHP) [10]. 
The Gouy-Chapman description of this region includes a diffuse double layer to overcome the 
limitation of the Helmholtz model that did not account for the dependence of the double layer 
capacitance on either the electrode potential or solution concentration. Whilst this model is able to 
show that the excess charge is not rigidly parallel to the electrode surface but decays away from the 
surface and into the bulk solution [10-12].  
The Stern model essentially combines the previous two models; it includes both the rigid layer of 
solvated ions parallel to the surface with additional excess charge contained within a diffuse layer 
extending into the bulk solution, this gives reasonably good agreement with experimental capacitance 
measurements. The drop in potential is borne across both the inner and diffuse layers, which for 
electrolyte concentrations greater than 0.01 M, extends less than ~100 Å from the electrode into the 
bulk [10, 13]. A further adaptation was introduced by Grahame, which describes the occurrence of 
ions losing their solvation shell and directly adsorbing (specific adsorption) to the electrode surface 
[14]. This layer is called the Inner Helmholtz Plane (IHP). 
Electron transfer reactions occur via electron tunnelling across the solution-electrode interface. In 
general, this happens within a few nm’s of the electrode surface. As the distance between the redox 
active species and the electrode increases the probability of tunnelling decreases exponentially. In 
order to provide an accurate quantitative analysis of the redox active species in question, it is 
imperative that the majority, if not all, of the potential drop occurs within the region where electron 
tunnelling is most probable [3, 4, 10]. The addition of a background electrolyte to the solution ensures 
most of the potential drop occurs within a few nm’s of the electrode surface [4].  
As discussed above, the electrode-solution interface acts like a capacitor, with current flowing without 
the transfer of electrons as the capacitor is charged [3-6]. Thus, two types of current are recorded, 
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which must be clearly distinguished, when investigating a redox process. Currents originating from 
heterogeneous electron transfer reactions, resulting in a reduction or oxidation of an electroactive 
species across the electrode-solution interface are known as faradaic currents. The total faradaic 
contribution is described by Faraday’s law; 
𝐼𝐹 =
𝑑𝑄𝐹
𝑑𝑡
          (2.18) 
𝑄𝐹 = 𝑛𝐹𝑁          (2.19) 
Where IF is the total faradaic current, N is the number of moles of analyte undergoing electron transfer 
reactions, n is the number of electrons transferred per reaction, t is time and QF is charge transferred 
due to the faradaic process.  
The second type of current present, known as non-faradaic currents, occurs when the applied 
potential, or solution composition causes a change in the solution-electrode interface, due to an 
applied potential [3-5]. This interface can be thought of as a capacitor, and if considered as potential 
independent, can be described as having a capacitance, Cd of: 
𝐶𝑑 =
𝑄
𝐸
           (2.20) 
𝐼 = 𝐶𝑑
𝑑𝑣(𝑡)
𝑑𝑡
          (2.21) 
where t is time, 𝑣 is scan rate and Q is the charge on the capacitor.  
2.3 Electrode Kinetics 
The study of the thermodynamics of a system is only able to predict the equilibrium position of that 
system, when the system is controlled by the rate of electron transfer, the electrode kinetics are able 
to describe what affects perturbation of the equilibrium have on the system. Considering the redox 
reaction below, two new terms are introduced, kred and kox, corresponding to the rate of reduction 
and oxidation. 
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red
ox
k
k
A e B            (2.22) 
Over the course of a reaction, the faradaic current recorded, I, is a combination of the negative 
contribution from the reduction of A, the cathodic reaction Ic, and a positive contribution from the 
anodic reaction, Ia, the oxidation of B. This is given by the following:  
𝐼 =  𝐼𝑎 + 𝐼𝑐          (2.23) 
To produce an electrical current, the ionic charge carrier must diffuse to within 10-20 Å of the 
electrode surface in order for electron tunnelling to occur [3]. The transfer of an electron between the 
species in solution and the electrode produces the electric current and so both currents directly 
depend upon the flux, j, of species A and B to the electrode surface. This flux is itself dependent on 
the respective rate of the two reactions mentioned above. If the electrode is assumed to be uniformly 
accessible:  
𝐼𝑎 = 𝐹 𝐴𝑒𝑙𝑒𝑐  𝑘𝑜𝑥[𝐵]𝑜         (2.24) 
𝐼𝑐 = −𝐹 𝐴𝑒𝑙𝑒𝑐  𝑘𝑟𝑒𝑑[𝐴]𝑜         (2.25) 
Where [A]o is the surface concentration. The total current can then be written as a function of the net 
flux, j: 
𝐼 = 𝐹𝐴𝑒𝑙𝑒𝑐𝑗          (2.26) 
where: 
𝑗 = 𝑘𝑜𝑥[𝐵]𝑜 − 𝑘𝑟𝑒𝑑[𝐴]𝑜        (2.27) 
Where [A]o and [B]o are the surface concentrations of the electroactive species. The heterogeneous 
rate constant for the redox process is also dependent on conditions such as the temperature, 
potential, transition state and pressure [1, 3-6]. 
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Figure 2.2: Diagram of A) the redox reaction profile for the reaction in equation 1.22, 
and B) a close-up of the highlighted area from diagram A. 
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Figure 2.2 A) illustrates the reaction profile for the one electron reaction at two potentials, E⁰’ and E.  
At the potential, E⁰’, there is no net reaction as the change in Gibbs energy for the reaction, ΔrG, is 
zero. If the potential is increased to the value E, the Gibbs energy of the electron is in turn decreased 
by F(E-E⁰’). All other species are unaffected by this change as ɸM is increased while ɸS remains the 
same. By increasing the potential from E⁰’ to E, ΔrG for the oxidation of B decreases by the value of 
F(E-E⁰’), while the activation energy for the oxidation state transition phase ∆𝐺𝑜𝑥
‡E⁰’ 
decreases in 
magnitude, ∆𝐺𝑜𝑥
‡E 
. This decrease in ∆𝐺𝑜𝑥
‡E⁰’ 
is related to the symmetry of the reaction profile and affects 
the magnitude of the Gibbs energy of the transition (F(E-E⁰’)). For an oxidative process, the fraction is 
given as (1-α), where α is the symmetry coefficient, with a value between one and zero [1, 3, 4, 15-
17]. Therefore: 
∆𝐺𝑜𝑥
‡E 
= ∆𝐺𝑜𝑥
‡E⁰’ 
− (1 − 𝛼)𝐹(𝐸 −  𝐸0’)       (2.28)  
This also results in an increase to the energy barrier of reduction: 
∆𝐺𝑟𝑒𝑑
‡E 
= ∆𝐺𝑟𝑒𝑑
‡E⁰’ 
+ 𝛼𝐹(𝐸 − 𝐸0’)        (2.29) 
In reality, the electrons within an electrode do not have individual energy levels, but a continuum of 
energy levels, or bands, from overlapping electronic fields of closely packed atoms [3, 4, 18]. The 
energy bands are occupied by electrons, with the lowest energy bands occupied first. In a metal or 
semi-metal structure, the Femi level, Efermi, is the highest energy band that contains electrons, with 
bands above this level having a high probability of being empty. 
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Figure 2.3 depicts the effect of increasing the Efermi of a metal/semi-metal electrode on the highest 
occupied molecular orbital, HOMO, and lowest unoccupied molecular orbital, LUMO, of the reactant. 
Electron transfer from the electrode to the reactant becomes more likely when the Efermi approaches 
or exceeds the LUMO energy. When the difference in energy levels, between Efermi and LUMO is larger, 
as in Figure 2.3 a), the electron transfer is energetically unfavourable. Once the potential difference 
between the electrode and LUMO is reduced, shown in Figure 2.3 b) as an increase in electrode 
potential, the electron has a higher probability of undergoing electron transfer to the reactant [1, 3, 
4]. By assuming the rate constants for the reactions discussed take an Arrhenius form, they can be 
given as: 
𝑘𝑜𝑥 = 𝐴𝑜𝑥𝑒
−∆𝐺𝑜𝑥
‡
𝑅𝑇          (2.30) 
𝑘𝑟𝑒𝑑 = 𝐴𝑟𝑒𝑑𝑒
−∆𝐺
𝑟𝑒𝑑
‡ 
𝑅𝑇          (2.31) 
Where Ared and Aox are the pre-exponential factors for the respective oxidation and reduction 
reactions [2, 4]. If these equations, 2.28 and 2.29, are substituted into equations 2.30 and 2.31: 
Figure 2.3: Diagram representing the electron transfer from an electrode to a redox couple 
solution A) before and B) after, raising the Efermi high enough to allow electron transfer into the 
redox species LUMO. 
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𝑘𝑜𝑥 = 𝐴𝑜𝑥𝑒
−∆𝐺
𝐸𝑜𝑥
𝑜′
‡ 
𝑅𝑇 𝑒
(1−𝛼)𝐹(𝐸−𝐸0′)
𝑅𝑇         (2.32) 
𝑘𝑟𝑒𝑑 = 𝐴𝑟𝑒𝑑𝑒
−∆𝐺
𝐸𝑟𝑒𝑑
𝑜′
‡ 
𝑅𝑇 𝑒
𝛼𝐹(𝐸−𝐸0′)
𝑅𝑇         (2.33) 
By considering the reaction at 𝐸𝑜’ where ∆𝑟𝐺 = 0, then kred = kox, we can define the standard electron 
transfer rate constant, ko: 
𝑘𝑜 = 𝐴𝑜𝑥𝑒
−∆𝐺𝑜𝑥
‡
𝑅𝑇 =  𝐴𝑟𝑒𝑑𝑒
−∆𝐺
𝑟𝑒𝑑
‡ 
𝑅𝑇         (2.34) 
From equation 2.34 it can be seen that ko is independent of potential but is strongly influenced by the 
transition state, which in turn means we can write: 
𝑘𝑜𝑥 = 𝑘
𝑜𝑒
(1−𝛼)𝐹(𝐸−𝐸0′)
𝑅𝑇          (2.35) 
𝑘𝑟𝑒𝑑 = 𝑘
𝑜𝑒
−𝛼𝐹(𝐸−𝐸0′)
𝑅𝑇          (2.36) 
If these equations, 2.35 and 2.36, are substituted into equations 2.27 we are able to derive the Butler-
Volmer equation, which represents the potential-current relationship [16, 17]. 
𝐼 = 𝐹𝐴𝑘𝑜 {[𝐵]0𝑒
(1−𝛼)𝐹(𝐸−𝐸0’)
𝑅𝑇 − [𝐴]0𝑒
−𝛼𝐹(𝐸−𝐸0’)
𝑅𝑇  }      (2.37) 
The value of ko for coventional redox reactions tends to be in the range of 1 cm s-1 to 1x10-4 cm s-1 [19, 
20]. The lower the value of ko the more sluggishly the system will react to a change in potential and 
higher overpotentials, η, are required to drive the reaction, where: 
 𝜂 = 𝐸 − 𝐸𝑜𝑐𝑝          (2.38) 
and 𝐸𝑜𝑐𝑝 is the open circuit potential of the system. Whilst the Butler-Volmer equation is able to 
describe the complete current-potential relationship, it is important to note that the concentrations 
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terms refer to concentrations of the redox species directly at the electrode surface, and that these 
may be different to the concentrations in the bulk solution. 
When considering the transfer of electrons, it is also vital to consider if the transfer occurs via an inner 
or outer sphere pathway. While these terms apply to both homogeneous and heterogeneous 
reactions, here only heterogeneous reactions will be discussed. An outer sphere electron transfer 
occurs when the reactant and product have a relatively undisturbed solvent layer during the transfer 
and the outer Helmholtz plane is the plane of closest approach for the solvated ion/molecule. 
Common examples for outer sphere electron transfer species include the redox of 
hexachloroiridate(II)/(III) and hexaammineruthenium(II)/(III). In contrast, inner sphere electron 
transfers occur when the solvent layer is disturbed to a level where the reactant, intermediates or 
products interact strongly with the electrode surface, or are adsorbed to it. Whilst the outer sphere 
pathway is significantly less dependent on the electrode material, compared to the inner sphere 
pathway, there can still be a dependence on electrode material in relation to the electronic states 
within the material, or the materials effect on the double layer. Two of the most famous examples of 
an inner sphere reaction are the oxygen reduction reaction and the oxidation of hydrogen. Both of 
these are of particular interest as they occur on the cathode and anode of fuel cells, respectively.  
2.3.1 Mass Transport 
The mass transport of electroactive species from the bulk solution to the electrode surface are 
described by three main processes; diffusion, migration and convection, with each having an effect on 
the observed current. 
2.3.2 Diffusion 
The movement of electroactive species due to a concentration gradient is called diffusion. This is 
described by Fick’s two laws. Ficks first law describes how a change in concentration affects the flux 
of molecules along a specified coordinate: 
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𝑗𝐴(𝑥, 𝑡) = −𝐷𝐴(
𝜕[𝐴](𝑥,𝑡)
𝜕𝑥
)         (2.39) 
Where jA is the flux of species A, DA is the diffusion coefficient of species A, and 𝑥 is the coordinate 
that diffusing ions travel along [4, 21].  
𝜕[𝐴](𝑥,𝑡)
𝜕𝑥
= 𝐷𝐴 (
𝜕2[𝐴](𝑥,𝑡)
𝜕𝑥2
)        (2.40) 
Fick’s second law, above, describes the change in concentration with respect to time at a specified 
coordinate. These equations only consider diffusion in one dimension in Cartesian coordinates. Other 
geometries such as spherical or cylindrical require other coordinate systems, for which the Laplace or 
del operator are commonly used. When a reaction produces or depletes species at the electrode 
surface, a concentration gradient is developed. This concentration gradient at the electrode surface is 
directly proportional to the current: 
𝑗 = −𝐷
𝑑[𝐴]𝑥=0
𝑑𝑥
          (2.41) 
 Where j is the diffusion flux and D the diffusion coefficient. The depletion zone essentially defines the 
diffusion layer between the electrode surface and the bulk solution. Nernst estimated the thickness 
of the diffusion layer, δN, by extrapolating the linear region in Figure 2.4 below, to a concentration 
equal to the bulk solution, given by the equation [1-3]: 
𝜕[𝐴]0
𝜕𝑥
=
[𝐴]𝑏𝑢𝑙𝑘−[𝐴]0
𝛿𝑁
         (2.42) 
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The current from the reaction of species A, is related to the diffusion layer by: 
𝐼𝐴 = 𝑛𝐹𝐴𝑗𝑎 = 𝑛𝐹𝐴𝐷𝐴
[𝐴]𝑏𝑢𝑙𝑘−[𝐴]0
𝜕𝑁
       (2.43) 
2.3.3 Migration 
Migration is the movement of species, i, with charge, zi, due to a potential gradient [1-3].  
𝑗𝐴𝑚 = −
𝑧𝐴𝐹
𝑅𝑇
𝐷𝐴[𝐴]
𝜕𝜙
𝜕𝑥
         (2.44) 
Where 𝑗𝐴𝑚 is the flux due to migration of species A, zA is the charge on species A and 𝜙 is potential. 
When considering the mathematical treatments of electrochemical systems, it is possible to simplify 
the contribution of migration by reducing 𝑗𝐴𝑚  to a negligible value. This can be achieved by introducing 
an excess of inert background electrolyte to the solution, typically ≥0.1 M [4]. The background 
electrolyte at these concentrations is able to carry the majority of the current in the bulk solution, 
reducing the migration of the electroactive species of interest. There are several other benefits to 
introducing the background electrolyte. A clear, well defined and thin double layer is maintained. This 
Figure 2.4: Diagram of the diffusion profile for a diffusion layer adjacent to the surface of 
an electrode. 
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allows for the majority of the potential drop occurs across the double layer rather than as iR drop in 
solution [5]. The solution resistance is reduced, causing a smaller ohmic drop, which would otherwise 
lead to a distortion of the voltage-current response to the reaction of the electroactive species [1-3]. 
A fixed ionic strength is maintained across the whole solution, causing the activity coefficients of all 
species to be constant, allowing electrode potentials to be given as formal potentials. 
2.3.4 Convection 
Convection is the movement of molecules from an imbalance of force, either forced or natural. Forced 
convection occurs when an external force is applied to the solution, such as bubbling, stirring or 
pumping the solution, such as in the case of a flow cell or a rotating disc electrode [22, 23]. The 
introduction of convection can be used to deliberately dominate the mass transport to the electrode. 
Natural convection is usually due to gradients in temperature, surface charge or solution density and 
is random in nature, making it difficult to model [24, 25]. Over short time periods (<10 s) it can be 
considered insignificant [4]. 
2.4 Cyclic Voltammetry 
Galvanostatic and potentiometric experiments are two typical approaches to the study of 
heterogeneous electron transfer reactions at the solid-electrolyte interface. For galvanostatic 
experiments, the current is controlled and the resulting potential is measured. In potentiometric 
experiments the reverse occurs, with a controlled potential and a measured current. While both 
methods produce quantitative data, in this thesis potentiometric experiments are used exclusively [1-
3]. There are many possible techniques available for potentiometric experiments, but cyclic 
voltammetry is often the preferred technique due to its ease of experimental set-up and quantitative 
results. 
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Figure 2.5 shows the triangular wave form representing a cyclic voltammetry experiment following 
the change of voltage over time. An external potential is applied to the working electrode (E1). This 
gradual change from E1 to E2 will occur at a chosen potential where the analyte will not undergo a 
redox process. The potential is swept, at a rate of v, to the switching potential (E2). This change in 
potential gives rise to faradaic currents as the analyte undergoes a redox process. If the experiment 
was to stop at E2 it would be a linear sweep experiment. By reversing the direction of the potential 
sweep from E2 back to E1 at rate v, the experiment is now cyclic. The value of v is usually set between 
a few millivolts per second to a megavolt per second [26]. If v is too large, charging effects across the 
double layer, coupled with solution resistance leads to a distorted voltammogram. Similarly, if v is too 
small, leading to greater time periods between measurements, natural convection is no longer 
negligible and this undesired mass transport can cause distortion [4]. The current is measured at set 
increments across the scan and can be plotted as a function of applied potential to give the 
recognisable cyclic voltammogram.    
Figure 2.5: Diagram of voltage change vs time for a cyclic voltammetry experiment. 
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Figure 2.6 A) illustrates a cyclic voltammogram for a reversible redox process following equation 2.22, 
where Eo’ = 0.22 V and [A]bulk = 1 mM, and [B] = 0 immediately before the reaction. As the current is 
swept from its initial potential the reduction of species A begins to occur, with the corresponding 
current increasing.  At this point the solution in close proximity of the electrode surface has become 
depleted of species A, causing a concentration gradient. The reaction continues as the potential 
Figure 2.6: A) The cyclic voltammogram for a reversible one electron reaction where 
Eo’ = -0.2 V, α = 0.5, ko = 0.1 cm s-1, [A] = 1 x10-3 mols, Do = 1 x10-6 cm2 s-1, v = 0.1 V s-1, 
and Aelec = 0.076 cm2. B) The change in concentration at the three labelled points from 
Figure 1.6 A) 
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increases; however, the current is limited by the flux of species A to the electrode surface. Diffusion 
is no longer enough to support the continued increase in current and a peak current Ipred, is reached. 
As the diffusion layer continues to grow in size, the concentration gradient at the surface decreases, 
this means the flux of species A to the electrode surface decreases and therefore a reduction in jA is 
seen.  
Figure 2.6 B) shows the concentration profiles, with respect to species A, at different stages across the 
reduction sweep. At the first stage of the reaction, a small amount of species A has been reduced at 
the electrode surface and so only a small amount of species B has built up. At the second stage, the 
flux of species A to the electrode surface via diffusion is no longer sufficient to continue the increase 
in current, this leads to a peak current IPred. The diffusion layer will now be thicker. At the third stage, 
the concentration of species A will be approaching zero and the reduction of species A is now diffusion 
controlled. The diffusion layer growth, now 10s of m thick, around the electrodes is large enough to 
cause lower currents.  Once the potential reaches E2, and the direction of the scan is reversed, the 
concentration of B which has accumulated at the electrode surface is oxidised, resulting in an anodic 
current. The concentration of species B, decreases in the same way as described for species A, and 
results in a peak oxidation current of IPox. Each peak occurs at a characteristic potential of Epred and Epox 
respectively, with the peak separation, ΔEp, being the difference between these two potentials.  
The change in applied potential over time is referred to as the scan rate, v. Each cyclic voltammogram 
will have a specific scan rate, and by varying this scan rate significant changes in the voltammetry can 
be observed, Figure 2.7.  
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𝛿 = √2𝐷𝑡          (2.45) 
The relationship shown between time, t, and the Nernst diffusion layer thickness, δ is described the 
equation above. Using this premise, it can be predicted that as the scan rate is increased, the 
electrochemical reaction, and therefore the diffusion layer thickness is reduced, whilst current 
increases. Figure 2.6 B) also shows that as v increases, the magnitude of the current also increases. 
The resulting concentration gradient is steeper, leading to a greater rates of mass transport of material 
to the electrode, causing an increase in faradaic current. The increase in faradaic current with scan 
rate will clearly lead to a change in the shape of the cyclic voltammogram, this change is observable 
in Figure 2.7. The response of the observed current (𝐼𝑝)  to the applied scan rate is described by the 
Randles- Ševćik equation: 
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Figure 2.7: The cyclic voltammogram for a reversible one electron reaction at a range 
of scan rates as labelled, where Eo’ = -0.2 V, α = 0.5, ko = 0.1 cm s-1, [A] = 1 x10-3 mols, 
Do = 1 x10-6 cm2 s-1, and Aelec = 0.076 cm2.  
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𝐼𝑝 = ±𝜓𝑛𝐹𝐴𝐶 (
𝑛𝐹𝑣𝐷
𝑅𝑇
)
1
2⁄
        (2.46)  
𝐼𝑝 = ±0.4463𝑛𝐹𝐴𝐶 (
𝑛𝐹𝑣𝐷
𝑅𝑇
)
1
2⁄
        (2.47) 
Where A is the area of the electrode and C is the concentration of the species undergoing the redox 
reaction and  is the dimensionless current. By solving  for each point during a CV, the value of E vs 
can be determined, which defines the shape of the cyclic voltammograms I-E curve. For reversible 
systems, the values of E vs are always the same, where max = 0.4463 (where α = 0.5). The ± sign 
relates to the initial direction, oxidative or reductive, of the scan.  
When discussing the kinetics at the electrode solution interface, the reversibility of a system may lie 
between electrochemically reversible and electrochemically irreversible. In an electrochemically 
reversible system the electrode-solution electron transfer rate is greater than the rate of diffusion to 
the electrode surface such that the electrode-solution interface is at equilibrium for the whole of the 
potential sweep [3, 4]. When this is the case, the concentration of both reactants and products is 
maintained to ensure the Nernst equation is satisfied. Thus, it is not possible to extract a value for ko, 
with an inequality being the only qualitative result i.e. ko ≥ 0.1 cm s-1. The required conditions for a 
reaction to be electrochemically reversible are given in table 2.1 [1].  
 
Table 2.1: The diagnostic tests for an electrochemically reversible, irreversible and electrochemically 
quasi-reversible system at 298 K [1]. *Reverse peak may not be observed if outside the potential 
window of interest. 
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At the other end of the spectrum lies electrochemically irreversible systems, where the electrode 
kinetics are slower than the rate of diffusion. In this case the equilibrium is not maintained during the 
cyclic voltammetry experiment, and the Nernst equation is not satisfied at the electrode-solution 
interface. An example of an electrochemically irreversible system is given in Figure 2.8 where ko = 
5 x10-5 cm2 s-1.  
This irreversible cyclic voltammogram has a ∆Ep of significantly more than 57 mV, and when observing 
a limited potential range, it is not uncommon to only view a single peak due to the larger peak-to-peak 
separation. The principle attribute in determining electrochemical reversibility, k°, is also greatly 
reduced relative to the value in a reversible system and a larger overpotential is required to achieve a 
sizable electrochemical reaction current.  
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Any electrochemical process that lies between the two extremes of reversibility is known as an 
electrochemically quasi-reversible system. Previously it was shown (Figure 2.7) that ∆𝐸p is not 
affected by an increase in scan rate, v, however if the scan rate is further increased, ∆𝐸p would also 
increase showing a shift from reversible to quasi-reversible behaviour. In this case the rate of 
electrode kinetics is not great enough to maintain equilibrium at the electrode-solution interface and 
limits the resulting current. At this point it is possible to make appraisals of electrode kinetics 
parameters as they are now the limiting factor. Figure 2.8 shows the result of varying k°, leading to 
the transition from reversible, to quasi-reversible, to an irreversible system, clearly stating the 
importance of k° for determining the reversibility of a system. 
Figure 2.8: The simulated cyclic voltammogram for a one electron reaction at a range of ko 
values as labelled, where Eo’ = -0.2 V, α = 0.5, v = 0.1 V s-1, [A] = 1 x10-3 mols, Do = 1 x10-6 cm2 s-1, 
and Aelec = 0.076 cm2.  
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The Randles-Ševćik equation given in 2.47 is only valid for a reversible redox reaction, for an 
irreversible system, max is found to be 0.3506 (where α = 0.5) [27, 28]. In Figure 2.9, simulated cyclic 
voltammograms have been plotted showing  vs. E for different values of k°. The maximum values for 
the reversible and irreversible values of are the peaks of the simulated CVs. 
 
 
It is also possible to determine k° for quasi-reversible voltammograms, as shown by Nicholson, who 
found that Ep could be expressed as a function of χ (a dimensionless parameter), where χ is given as 
[29]: 
𝜒 =
(
𝐷𝐴
𝐷𝐵
)
𝛼 2⁄
𝑘°
(
𝜋𝐷𝐴𝐹𝑣
𝑅𝑇
)
1 2⁄           (2.47) 
Figure 2.9: A plot of  vs. E for simulated cyclic voltammogram for a one electron reaction at a 
range of ko values as labelled, where Eo’ = -0.2 V, α = 0.5, v = 0.1 V s-1, [A] = 1 x10-3 mols, 
Do = 1 x10-6 cm2 s-1, and Aelec = 0.076 cm2.  
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Where DA and DB are the diffusion coefficients of species A and B. A simpler method for determining 
not only 𝑘°, but also D and 𝛼 is to simulate a 1-dimensional reaction using commercially available 
software, such as DigiElch or DigiSim [30]. By matching an experimental voltammogram as closely as 
possible to a simulated one, by varying these parameters, their value is in turn revealed. This is the 
technique used within this thesis for determining values of 𝑘° and D. 
2.4.1 Electrochemistry of Coupled Reactions 
In this thesis, several of the electrochemical experiments are proceeded by an additional chemical 
reaction, for example reducing an organic molecule by one electron to for a radical anion, which is 
highly active and goes on to create an irreversible, covalent attachment to the electrode surface. In 
this case the reaction is described as an ‘EC reaction’, a notation system set out by Testa and Reinmuth, 
where E is the electrochemical electron transfer and C is the homogeneous chemical reaction [31]: 
red
ox
EC
A B
B C
k
k
k
e  

         (2.48) 
Fortunately, cyclic voltammetry can be effectively used to investigate these reactions, with a reduced 
reverse scan, depending on the magnitude of kEC. As kEC increases the reduction of the reverse peak 
will also increase, allowing the value of kEC to be calculated, in cases where kEC >> kox there may be no 
visible peak at all.  
2.4.2 Macro versus Micro Electrodes 
The size of the electrodes active surface area also has a significant impact on its electrochemistry, the 
convention is to class electrodes as either micro or macro. Microelectrodes, are conventionally 
defined as those with a surface area on the scale of micrometres and below, can have significantly 
different behaviours when compared to their macroelectrode counterparts [32]. Due to the much 
smaller currents, as a smaller electrode results in smaller currents passed, the effect of solution 
resistance on the electrochemical signal is also much smaller (see equation 2.46),. Microelectrodes 
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also have a non-planar, or convergent diffusion regime, allowing for greater rates of mass transport. 
The hemi-spherical diffusion around the microelectrode is described in Figure 2.10. The edge of the 
electrode, where it meets the insulating material around it, the diffusion has an ‘edge effect’ where 
the mass transport becomes greater for the edge, leading to a greater current density. Micro (or even 
nano) electrodes are effectively dominated by the edge sites leading to a loss of peak signal (at low 
scan rates) and steady state voltammetry, shown in Figure 2.10 b). The steady state current, for a disc 
electrode is given by: 
𝐼 = 4𝑛𝐹𝐷𝑐∗𝑟          (2.49) 
Where 𝑟 is the radius of the disc electrode and 𝑐∗ is the concentration of the bulk solution. This results 
in an increased rate of mass transport (per unit area) and therefore larger current densities, reducing 
the background ‘noise’ of non-faradaic processes. Microelectrodes also have a lower double-layer 
capacitance (C) as this is directly proportional to the area of the electrode surface. For 
macroelectrodes, electrodes with a surface area on the scale of millimetres, the proportion of edge is 
small enough to make this increase negligible. The planar diffusion associated with macroelectrode 
voltammetry leads to a traditional CV for a 1 electron reaction, as shown in Figure 2.10 a) [32]. The 
larger surface area also equates to a larger double-layer capactiance, which in turn leads to a lower 
potential scan rate maximum, before the charging current obsures the Faradaic current. Thus a smaller 
surface area will reduce the capactiance and lead to a higher possible scan rate. Combining all of these 
factors, microelectrodes are more adept for use in systems where a fast scan speed is required. 
 
P a g e  | 57 
 
 
2.4.3 Semi Infinite vs Thin Layer  
In addition to the effects discussed so far, the structure of the electrode used also has a significant 
influence on the electrochemistry. In this thesis, many experiments use a porous, carbon fibre felt 
electrode. In this type of electrode (or any that contains small pores), the diffusion is split between 
two regimes. Across the external surface of the electrode, ‘semi-infinite’ diffusion takes place, 
representing the type of electrochemical response described previously. Within the pores ‘thin layer’ 
electrochemistry is the dominating factor, leading to a change in voltammetric response. This is 
discussed further in chapter 5 where the difference in thin layer vs semi-infinite diffusion is digitally 
simulated to characterise a porous felt electrode. 
Figure 2.10: Comparison of a) planar diffusion at a macro electrode and its simulated cyclic 
voltammetric response for a one electron reaction and b) convergent diffusion at a micro 
electrode and its simulated cyclic voltammetric response for a one electron reaction [32]. 
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Thin layer electrochemistry occurs when the diffusion layer for an electrode is greater than the 
distance to cell boundary and increases the rate of depletion next to the electrode surface as mass 
transfer to the surface from the bulk cannot occur. In the extreme example the solution between the 
electrode surface and the cell boundary becomes fully depleted, as seen in a CV by the signal returning 
to the baseline, as shown in Figure 2.11. This is often characterised by the peak to peak distance in a 
cyclic voltammogram being significantly less than 57 mV (for a reversible reaction), even down to 0 mV 
difference, this effect is shown in Figure 2.11. A similar CV can be produced when the electroactive 
species is bound to the electrode surface, as mass transport is again negligible.  
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Chapter 3: 
Carbon Materials as Electrodes. 
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3.1 Introduction 
Carbon has been employed in electrochemical experiments in a huge variety of forms for decades and 
has been essential in the growth of the electrochemical discipline. Carbon electrodes boast many 
desirable traits over noble metal (Au, Pt) electrodes making them a popular choice for a wide variety 
of experiments. Unlike noble metal electrodes, carbon electrodes are relatively less costly to produce, 
usually have wider potential windows and can be modified in a variety of ways. The many forms of 
carbon electrodes have each become a subject of electrochemical research, ranging from carbon 
paste, to boron doped diamond, to the varying faces of graphite layers, to the structures of graphene 
such as nanotubes and graphene sheets. Each has a particular set of properties making ‘carbon 
electrodes’ a huge and versatile field. 
3.2 Graphite 
Graphite is an inexpensive and abundant material which can be manufactured into a wide variety of 
forms, making it a popular choice as an electrode material. It has an sp2 hybridisation where planar 
hexagonal structures form from the combination of each carbon atoms sp2 hybridised orbitals, in turn 
these layers stack to produce graphite. The one free electron on each carbon atom (2p orbital) lies 
perpendicular to the planar structure, creating a delocalised orbital system. This allows electrons to 
move perpendicular to the planar structure with relative ease, whilst moving between layers is much 
more difficult. A singular layer of this carbon material is known as graphene, which can be thought of 
as an infinitely large polyaromatic carbon compound, whilst multiple stacked layers are graphite. 
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 All the carbon atoms within a pristine graphite sheet are sp2 hybridized with an intraplanar c-c 
distance of 1.42 Å and an interplanar separation of 3.35 Å (often described as ‘d002’ from the X-ray 
diffraction peak). Pristine graphite has a density of between 2.09-2.23 g cm-3 [7]. Graphitic materials 
can be characterised using Raman spectroscopy and X-ray diffraction to determine the crystalline 
dimensions, with lateral length (La) referring to the layer plane width and Lc for crystalline stacking 
height as shown in Figure 3.1 [8-12]. Highly Orientated Pyrolytic Graphite (HOPG) is, the most highly 
ordered of these graphite materials. For high quality HOPG the values for La and Lc are in the 
micrometre range, for polycrystalline materials, such as carbon fibre this value would be in the 
nanometre range (Figure 3.2).  
Figure 3.1: Diagram of the top-down view of a graphite sheet with C-C distances and lateral 
crystalline length (La) labelled (reproduced from ref [3]), and of the side view of HOPG, with the 
crystal planes labelled. 
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Graphite is commonly stacked using a hexagonal ABA sequence, shown in Figure 3.3, although heat 
treatment >1300ᵒC can cause rearrangement to the more thermodynamically stable, rhombohedral 
ABC stacking [1]. The hexagonal plane consists of two axes, the highly atomically ordered basal plane 
contains the a-axis while the irregular, termination sites at the end of the basal plane, parallel to the 
c-axis is the edge plane, these are shown in Figure 3.4.  
Figure 3.2: Chart of the approximate ranges of La and Lc for several sp2 carbon materials. 
Reproduced from ref [3]. 
P a g e  | 66 
 
 
 
3.2.1 Edge and Basal plane sites 
The surface structure of carbon materials can be more complex than their metal counterparts. Similar 
to metal electrodes, the surface of these materials are exposed to the air and are able to react with 
gases present, leading to the production of surface oxide groups. In the case of graphite, the two 
planes will react with their surroundings in very different ways. The basal plane is highly ordered and 
smooth at the nanometre scale, but over a larger distance (micrometre range) the basal surface will 
contain many grain boundaries and step edges, and imperfections (such as missing carbon atoms), 
leaving the ‘edge’ of the basal plane exposed [13-15]. 
Figure 3.3: Diagram of the hexagonal and rhombohedral arrangement of bulk graphite. 
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At these defects there will be a reaction with ambient gasses, leading to surface oxide formation. The 
two most common crystal formations of the edge-plane are zig-zag and Armchair, shown in Figure 3.4. 
The two sites, edge and basal, are very different electrochemically and play a large role in the 
assessment of carbon electrode types. When a graphite surface is initially formed, any carbons with 
unsatisfied valence electrons will react with their surroundings. In the case of air or water, this will 
form a wide variety of oxide surface functionalities. The most common of these are ethers, carbonyls 
carboxylates and phenolic OH groups. A great deal of work is required to remove or prevent these 
groups from developing on a carbon surface, so for most lab work their presence must simply be 
accepted.  
3.2.2 Edge vs Basal properties 
Graphite’s edge and basal plane sites appear to have significantly different reaction rates, related to 
their surface energies. The edge plane sites surface energy of 5 J m-2 is much greater than the basal 
plane’s of 0.11 J m-2, resulting in the reactions taking place at the edge plane to be much faster [16]. 
Electron transfer for the oxidation of ferrocyanide, a common redox probe, at the basal surface has 
been measured to be as low as 10-9 cm s-1 and in many cases the basal plane can be considered inert 
Figure 3.4: Diagram of the edge and basal planes of a graphite sheet with the ‘zig-zag’ and 
‘armchair’ structural variations labelled.  
P a g e  | 68 
 
[6, 17, 18]. The capacitance of the edge and basal planes also greatly differs. The basal plane has been 
measured to as  low as 1.9 F cm-2 to 3.0 F cm-2, by comparison the edge plane has shown a much 
higher specific capacitance of 60 F cm-2, but this is very dependant on the surface chemistry [3]. The 
Compton group have provided a lot of experimental evidence on the differences between edge and 
basal plane sites and show that the major contribution to any basal plane electrochemical activity is 
due to edge plane sites seen at defects and basal plate edges [19]. Figure 3.5 shows a schematic 
representation of a one electron transfer reaction occurring at the edge and basal plane sites of a 
single electrode [18]. The electrochemical activity of these sites will differ from one another and 
therefore, different α and Butler-Volmer terms. 
 
 
 
Figure 3.5: (A) Schematic representation of an electrochemical reaction occurring at two electrode 
materials on the same electrode. Reproduced from ref. [18]. 
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Figure 3.6: Cyclic voltammograms for (i) HOPG (basal orientation) and (ii) EPPG electrodes in a solution 
of 1 mM ferrocyanide in 1 M KCl. Overlaid is (iii) the Digisim© simulated cyclic voltammogram using a 
linear diffusion model. Reproduced from ref. [6]. 
 
The cyclic voltammograms in Figure 3.6 shows both the experimental results for a HOPG and EPPG 
electrode, but also the simulated response from the DigiSim© program using a purely linear diffusion 
model, when assuming that all parts of the surface are equally electrochemically active. It is important 
to note that the simulated response shows a greater peak to peak separation (ΔEp) than for the 
experimental EPPG results, but also a greater expected reductive peak current than is observed from 
the HOPG experimental results 
In order to accurately model the observed experimental voltammograms, the HOPG surface must be 
considered as a heterogeneous surface, with ‘islands’ of electrochemically inert basal plane, bordered 
by electrochemically active edge plane as shown in Figure 3.7 A). Both the basal disc and the boundary 
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edge plane will have a separate diffusion profile, which is modelled as shown in Figure 3.7 B) by a band 
of edge plane related diffusion encircling the basal plane related diffusion in a cylinder. Each of these 
diffusion cylinders is essentially independent of those cylinders surrounding it, resulting in no net flux 
between domains [6]. This technique is referred to as the diffusion domain model, with the 
voltammetric signal of the HOPG electrode being the total of all domains across the surface. 
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Figure 3.7: Diagrams of (a), (i) the top-down view of the basal plane of a HOPG,  (ii) the translation 
from a ‘island’ to a circular disc and  (b) the  diffusion domain resulting from the disc shown in (a) (ii)  
with related diffusion cylinder.  Reproduced from ref [6]. 
 
Shown in Figure 3.8 is the simulated curves of increasing diffusion domain radius. It can be seen that 
as the radius increases (and the proportion of edge plane decreases), the ΔEp also increases. From this 
it can plausibly be presumed that the oxidation reaction modelled takes place entirely at the edge 
plane and that the basal plane is effectively inert. 
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Another example is the use of a polymer to selectively block the basal plane sites of HOPG, while the 
edge planes are left exposed and active. Figure 3.9 shows the process by which this experiment was 
achieved. Beginning with a freshly cleaved HOPG surface at stage 1, in stage 2 MoO2 nanowires are 
formed along the edge plane sites leaving the basal plane exposed. These exposed areas are covered 
by a layer of 4-nitrobenzenediazonium through an aryl radical mechanism in stage 3 (this reaction is 
covered in greater depth in chapter 4). In stage 4 the MoO2 nanowires are removed by washing with 
HCl, leaving the edge plane sites exposed.  
Figure 3.8: Simulated cyclic voltammograms (solid curve) of dimensionless current for increasing 
domain radius. Where α = 0.5, dα/dE = 0, D = 6.1 x 10-6 cm2s-1, kEbasal = 10-9 cm s-1, kEedge = 
0.022 cm s-1 and a band thickness of 1.005 x 10-9 m. With the simulated inert basal domain (kEbasal 
= 0 cm s-1) overlaid (dotted curve). Reproduced from ref. [6]. 
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 At each stage the surface is assessed by measuring the cyclic voltammetry of 1.1 mM [Ru(NH3)6]3+, 
the resulting voltammograms are displayed next to the appropriate stage in Figure 3.9. From these 
voltammograms it is clear that the basal plane has negligible contribution to the reduction of the 
[Ru(NH3)6]3+, and all the electrochemical processes occur at the edge plane sites.  
Figure 3.9: Stages 1-4 of deposition of the edge and basal plane coverage, on a freshly cleaved 
HOPG surface, with related cyclic voltammetry response a-d) in 1.1 mM [Ru(NH3)6]3+ solution. CV 
a) used an EPPG electrode as a comparison to the fresh HOPG, whereas b-d) use the CV obtained 
from the stage 1 surface as a comparison. Reproduced from ref. [5]. 
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Work conducted by the Unwin group has attempted to show electrochemical activity at the basal 
plane site using an nano-scale droplet electrode technique (scanning electrochemical microscopy, 
SECM), on freshly cleaved HOPG and graphene [20-22]. The study suggests that the macroscopic scale 
of the electrodes commonly used in research, combined with the defects commonly found in the basal 
plane, means that any study of the surface electrochemically invariably leads to both basal and some 
step/edge plane being measured. Instead, by using a microscale electrode, the basal plane can be 
studied exclusively, avoiding step and edge sites. The work also shows that freshly cleaved basal plane 
in common redox probes can yield fast, almost reversible, electron transfer [21]. However it is also 
noted that over time the basal plane activity decreases significantly, as it reacts with the environment. 
More recent work by Compton et al has shown that the temperature distribution across the 
microscopic basal plane could explain the perceived increase in electrochemical activity. When these 
minute variations in localised temperature are not properley accounted for they can lead to 
misleading interpretation of results [23]. This allows the conclusion that electrochemical activity on 
basal electrodes is entirely due to the presence of edge plane sites at grain boundaries and defects.  
3.3 Graphitic Electrode Electronic Properties 
When considering any electrode, metallic or graphitic, one key element is the density of electronic 
states (DOS). The DOS is a measure of the number of electronic states available to be occupied, with 
a higher DOS relating to an increased possibility that an electron will have the necessary energy 
required to move to the electroactive species [8]. This results in a direct relation between the value of 
DOS and the heterogeneous electron transfer rate.  For metallic species, the high conductivity is due 
to the high number of atomic orbitals forming energy bands with a high DOS. Gold is a commonly used 
metallic electrode and has a DOS of 0.28 states atom-1 eV-1, in comparison pristine HOPG has a much 
lower DOS at 0.0022 states atom-1 eV-1 [24, 25]. The consequences of the low DOS of graphitic 
materials are their lower conductivity, relative to metals. Whereas the DOS in metals is usually high 
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and has a low energy dependence, the DOS in graphitic materials is very different, with the shape and 
value of DOS strongly dependant on the particular graphitic structure. The value of DOS can be 
increased with increased disorder in the graphitic material, hence the low value for pristine HOPG, 
whilst glassy carbon and EPPG electrodes, with their lower degree of crystalline ordering, have much 
higher DOS and therefore improved electron transfer rates [26]. 
3.4 Types of Graphite Electrode 
As mentioned previously there is a great diversity of carbon electrodes commercially available and 
used across a wide range of applications. In this thesis the carbon electrodes used have been selected 
for their physical and chemical properties, and their relevance for use in fuel cells and flow batteries, 
such as graphitic felts (GFs), and for their significance to carbon electrode types used commonly in the 
literature, such as glassy carbon (GC), basal and edge plane pyrolytic graphite (BPPG / EPPG 
respectively). BPPG is very similar in structure to the common Highly Orientated Pyrolytic Graphite 
(HOPG) electrodes, although it is less highly orientated making it much less expensive. These materials, 
along with all other sp2 hybridised carbon materials, share a similar crystalline graphite structure. Yet 
it is the lateral size of this graphite crystal (La) that determines the overall structure of the material. As 
shown in Figure 3.2, for electrode materials this can range from nm values in amorphous carbon 
materials, such as GC to tens of m for HOPG electrodes.  The fibres of GFs and EPPG/BPPG electrodes 
lie somewhere between these values, and can depend on the conditions used for the production of 
the electrodes. 
3.4.1 Edge and Basal Plane Pyrolytic Graphite 
EPPG and BPPG electrodes are cut from larger pieces of pyrolytic graphite which in turn is formed by 
the thermal decomposition of carbonaceous gas, such as methane and propane, on a hot substrate 
surface [3, 27]. This process is known as chemical vapour deposition (CVD), with the structural control 
based upon several factors, including: the precursor gas used, the density of the gas at the substrate 
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surface, the temperature and pressure at deposition and the contact time between gas and substrate. 
In general, higher temperatures and longer deposition times reduce the number of defects in the 
pyrolytic graphite allowing for greater ordering, whereas higher pressures can lead to an increase of 
incompletely combusted carbon particles, also known as ‘carbon black’ particles [1, 28]. For example; 
a high density pyrolytic carbon material formed from methane at 1400 ᵒC to 2000 ᵒC would require a 
low pressure (1.7 x10-2 mbar), with any pressure over 4 mbar leading to low density pyrolytic materials 
due to the inclusion of carbon black particles [1]. The EPPG and BPPG electrodes are usually embedded 
in an inactive material such as glass or polyether ether ketone (PEEK) with the desired plane exposed 
as the electrode area. To prepare a fresh surface for use in electrochemical experiments a different 
approach is required based on the surface exposed. EPPG is usually polished on a microfiber pad using 
particles (such as diamond) of decreasing size, from ~10 m to 0.1 m in diameter. The layered 
structure of BPPG requires a more gentle technique, with the fresh surface exposed by exfoliating the 
top graphite layers, often through the use of adhesive tape, revealing the clean layers below. In either 
case the electrode will require rinsing with water and/or solvent (such as ethanol), to remove any 
small particles or adhesive left behind by these methods [28]. 
3.4.2 Graphene 
In recent years the carbon material graphene has seen a surge in interest across a vast range of 
applications [2, 29-31]. Whilst not employed in this thesis it is worth outlining the basics of this popular 
material. Graphene is a single layer of graphite, essentially an infinitely large polycyclic aromatic 
hydrocarbon. Unlike graphite, pristine graphene is a purely two dimensional material, with sp2 
carbons each bound to three neighbours in a hexagonal lattice [2, 30, 32]. Whilst pristine graphene is 
only a single sheet of material, stacks of graphene are not considered graphite until they number 8 
sheets or more, with the a range of quasi-graphene materials numbering between 2 and 7 sheets with 
properties depending on the stack number [33-35]. Graphene is also the base material for other 
graphitic forms such as stacking into graphite, (single or multi-walled) carbon nanotubes (CNTs) and 
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fullerene C60 ‘buckyballs’, as illustrated in Figure 3.10, each with their own distinctive electrochemical 
properties [2].  
 
 
Graphene can be formed via a vast range of techniques such as chemical vapour deposition (CVD), 
chemical or mechanical exfoliation of graphite or even synthesised from sugars, for example [36-39]. 
Each technique will produce graphene of varying purity and quantity, making different techniques 
suitable for different applications [30, 36].  In respect to electrochemistry, graphene has several 
properties that make it an advantageous electrode material. Firstly the theoretical surface area of 
pristine graphene sheet is significantly larger than that of graphite’s, which is beneficial to applications 
such as sensors or energy storage [40]. Secondly, the particular electronic structure of means that it 
has excellent conductivity, capable of carrying charge significantly faster, than either graphite or CNTs, 
Figure 3.10: Graphical representation of graphene as a building material for fullerenes (left), 
single walled CNT (centre) and graphite (right). Reproduced from ref. [2] 
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allowing for greatly increased electron transfer rates [29, 31, 41]. These properties continue to make 
graphene a material of intense interest. 
3.4.3 Carbon Fibres 
 Carbon fibre electrodes are used in a wide variety of applications, from in vivo biological 
measurements to flow batteries and fuel cells [42-44]. Carbon fibres can be used singularly or as part 
of a larger structure such as carbon felts and papers.  The structure of a carbon fibre, and hence its 
chemical and physical properties are closely tied to its manufacturing conditions and precursor 
material. While most fibres tend to have diameters similar to a human hair, ~10 micrometres, with 
varying crystalline order and preparation technique, they can be better classified by their cross-
sectional structure. Fibres can have an irregular orientation of graphite, or be structured, typically in 
either radial or layered forms. In the layered form the graphite planes form concentric rings, also 
known as an ‘onion’ structure. This contrasts the radial form, where the graphite planes radiate from 
the centre, similar to the spokes on a bicycle wheel, as shown in Figure 3.11. The onion and, to some 
degree, the random structure of carbon fibres, have a high ratio of basal plane graphite on the fibre 
sides than on the ends. Considering the different properties of edge and basal planes discussed 
previously, the side of a carbon fibre will have different electrochemical properties to the end of the 
fibre, if the ratio of edge to basal between the fibre side and end is also different. The literature shows 
the capacitance of a fresh carbon fibre’s cylindrical surface to be 6.8 F cm-2, whereas for the fibre 
end this value is much greater at 23 F cm-2 [45]. The low capacitance value for the fibre sides is likely 
due to the higher fraction of basal plane graphite found there, with the pristine basal plane 
capacitance between 2-3 F cm-2, it would suggest that the structure is linked to its electrochemical 
properties [3]. The type of fibre, along with degree of order is highly dependent on the preparation 
conditions and precursor material.  
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The three most common commercial carbon fibre precursors are polyacrylonitrile (PAN), Pitch and 
Rayon, while the graphite felts used in this thesis are produced from PAN. The manufacturing process 
is broadly similar for each precursor and can be divided into three distinct steps. Firstly, heat 
stabilisation of the precursor in air at ~300 ᵒ C, leading to oxidation of the material to prevent the fibres 
melting or fusing together. Secondly carbonisation of the felt occurs at >1000 ᵒC in an inert 
atmosphere. The process only lasts a few minutes but ensures that almost all non-carbon elements 
are removed from the material. At this stage it is possible to use the fibre, but it has a high degree of 
electrical resistance. The final stage, graphitisation, is also carried out in an inert atmosphere at 
between 2000-3000 ᵒC and leads to three-dimensional ordering of the carbons, forming a graphitic 
structure. The precise nature of this final structure is dependent on the precursor and the exact 
conditions used during these three steps.  
Figure 3.11: Scanning Electron Microscopy (SEM) images and related diagrams of carbon fibres 
with different structural forms. SEM images reproduced from ref [1]. 
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PAN (Figure 3.12) is used as a precursor for ~90% of the world’s carbon fibre production [46]. The 
manufacturing of PAN based fibres is very similar to the steps provided in the overview, but often 
requires lower temperatures for carbonisation (1000 ᵒC) and graphitisation (1500-3000 ᵒC), reducing 
the manufacturing cost compared to the other precursors [46]. PAN based fibres generally form the 
concentric ‘onion’ ringed structure.  In comparison, pitch is a much less expensive precursor material, 
but the more harsh conditions required during manufacturing, lead to an increased cost. Pitch based 
carbon fibre are most commonly found in the radial form. Rayon is derived from regenerated cellulose 
fibre and requires many additional processes to form, compared to the PAN fibre. It requires 
graphitisation under pressure to produce a known orientation of graphitic layering, which adds 
additional cost to the material. The yield of the manufacturing process of rayon is much lower than 
that of the other two precursors, at only 10-30 %. Graphite felts are often used as supplied with only 
rinsing with water/solvent as further cleaning, this is discussed further in chapter 4 [47].  
 
3.4.4 Glassy Carbons 
Glass-like carbons, more commonly known as vitreous or glassy carbon (GC) was discovered by 
Bernard Redfern in the mid 1950’s. It is a non-graphitising form of carbon that combines elements of 
both ceramic and graphitic materials, with a combination of sp2 and sp3 hybridisation, and used across 
a wide range of electrochemical areas due to a few key properties [48-50].  Firstly, with the lack of any 
Figure 3.12: Structure of PAN monomer. 
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long range crystalline ordering, low La, these materials are essentially non-porous, reducing the risk of 
contamination between experiments. This amorphous structure is derived from the carbonisation of 
organic polymer, usually PAN, at high temperatures and pressures until only the carbon atoms remain 
[51].  
 
 
This results in the interlinking ribbon structure of GC, first proposed by G.M. Jenkins and K. Kawamura 
in 1971 [4], shown in Figure 3.13, although this random structure causes a large degree of ambiguity 
in the microstructure [14, 52]. Secondly the sp3 hybridisation leads to a degree of diamond crystalline 
ordering, which could lend to the high strength and resistance to chemical attack. Glassy carbon is 
only around 60% as dense a material as HOPG, with a larger interplanar spacing (d002) of around 3.6 Å 
and the intertwined ribbon structure leading to voids within the material. The Lc and La values for 
glassy carbon are much smaller than that of HOPG, at around 30-70 Å due to the restrictive nature of 
the structure to form longer ranged graphite sheets. Both GC and the plastic formed carbon electrode 
mentioned below are cleaned using the polishing method described in section 2.4.1. 
3.4.4.1 Plastic Formed Carbon 
Plastic formed carbon (PFC) electrodes are also employed within this thesis. Developed by the 
Mitsubishi Pencil Company in the 1990’s; PFCE is a glass-like carbon material, but rather than being 
Figure 3.13: Diagram describing the interlinking ribbon structure of GC, reproduced from ref. [4]. 
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randomly arranged like GC, the graphite crystals have been grown with the same orientation, giving 
the electrode surface a greater degree of edge plane characteristic [53, 54].   
The production of PFC electrodes is illustrated by Figure 3.14 [55]. The initial material is a mix of 
graphite powder, chlorinated polyvinyl chloride and di-allyl phthalate monomer, which is mixed and 
extruded into a thin rod. This then undergoes thermal before undergoing thermal treatment. The 
initial thermal treatment (150-300 °C) in air is followed by a carbonisation process at 1000 °C under a 
N2 atmosphere. The carbonised material impregnated with silicon oil before being insulated within a 
resin. This process allows the creation of PFC rods with diameters down to 10 M allowing the use of 
this material as a microelectrode. 
 
Figure 3.14: Diagram of the plastic formed carbon manufacturing process [55]. 
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4.1 Equipment 
All chemicals were used as received from Sigma Aldrich without further purification unless stated 
otherwise. Solutions of ferricyanide with KNO3 supporting electrolyte, ferrocyanide with KCl 
supporting electrolyte and vanadium(V)oxide in sulphuric acid were prepared using ultrapure water 
(18 M cm-1, Milli-Q®). Non-aqueous solutions of ferrocene with tetrabutylammonium perchlorate 
(TBAP) in acetonitrile were also prepared. Two potentiostats were used for electrochemical 
experimentation, a Metrohm Autolab PGSTAT 128N potentiostat and a CH Instruments 1100B 
potentiostat. Solution resistance was measured and compensated for via an in-built method on the 
CH instruments potentiostat and a manual, stepped-increase method on the Autolab potentiostat. 
A standard three electrode configuration was employed for all electrochemical measurements. Four, 
3 mm diameter carbon electrodes (ALS Co. Ltd, Japan); edge plane pyrolytic graphite (EPPG), basal 
plane pyrolytic graphite (BPPG), glassy carbon (GC) and plastic formed carbon (PFC), were used, 
Figure 4.1. The EPPG and BPPG electrodes contain graphite with a purity of >99.99% surrounded by a 
polyether ether ketone (PEEK) insulating layer. Also note the BPPG is not highly orientated pyrolytic 
graphite (HOPG), but contains >60% basal orientation. 
Measurements of peak current and charge were achieved through the use of the Peak Analyser 
function found in the data analysis and graphics software, OriginPro 9. This allowed for simultaneous 
baseline correction of the forward voltammetric scan and the integration of the area under the peaks 
found in said scan. The surface area of each GF electrode was estimated from the weight of the sample 
as discussed in chapter 5, but was typically in the range of 50-60 cm2 for a 1 cm x 1 cm sample. 
4.2 Electrode Preparation 
4.2.1 Macro disc electrodes 
The BPPG electrode was prepared by polishing the electrode with a 1 µm polycrystalline diamond 
suspension (Buehler) on a silk-type cloth pad (Kemet International) before washing the surface in 
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ultrapure water and briefly sonicating. The electrode surface was then refreshed by removing excess 
graphite with sellotape. This was repeated multiple times before washing the electrode in acetone to 
remove any residue. The PFC, GC and EPPG electrodes were prepared by polishing with diamond 
slurries of decreasing particle size (9 µm, 3 µm and 1 µm) on a silk-type cloth pad before washing the 
surface in ultrapure water and briefly sonicating. A bright platinum wire with attached platinum wire 
mesh (Metrohm UK) was used as the counter electrode and a saturated calomel electrode (ALS Co. 
Ltd, Japan) was used as the reference. In non-aqueous solutions a double junction (ALS Co. Ltd, Japan) 
was used to reduce contamination of the reference. 
 
4.2.2 GF electrodes 
The GF used was GFD 2.5, a commercially available felt supplied by SGL Group, with a nominal 
thickness of 2.8 mm (measured under a slight compressive force). A 1 cm2 piece of GF was cut from a 
clean roll of the felt using a bespoke ‘cookie cutter’ tool. After weighing the GF using a 4 point balance 
(Sartorius, TE214S), a 0.5 mm (diameter) platinum wire ‘fish hook’ was passed through the felt to 
secure it and provide a good electrical connection to the whole of the felt piece. This is shown in the 
photographs in Figure 4.2. In all of the redox solutions, cyclic voltammetry was also conducted with 
Figure 4.1: Image of from left to right; PFC, GC, EPPG and BPPG electrodes, with 3 mm diameter. 
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the bare platinum fish hook submerged in solution. The size of the voltammetric signal from the 
platinum wire fish hook was negligible compared to the signal from the GF electrode. 
 
Prior to taking measurements, the GF electrode was initially washed in ethanol before being rinsed 
with ultrapure water. It was then agitated in a sacrificial sample of the electrochemical solution before 
being transferred to the electrochemical cell. This ensured full wetting of the interior surface of the 
GF with the redox solution under investigation. The electrochemical simulation software employed 
was DigiElch (v7.FD) from ElchSoft, Germany. SEM (Quanta 250 FEG, FEI) was used to determine the 
diameter of the fibres within the carbon felt. The fibres were found to have an average diameter of 
8 µm from a range of measurements.  Typical SEM images are shown in Figure 4.3 for a range of 
magnifications. 
Figure 4.1: Image of GF electrode with platinum 'Fishhook' before and after attachment. 
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4.3 Limit of Detection Measurements 
A Metrohm Autolab PGSTAT 128N potentiostat was used for electrochemical experimentation. A 
standard three electrode configuration was employed for all electrochemical measurements (cyclic 
Figure 4.3: SEM images of GF fibres after washing in ethanol and drying at 80ᵒC. 
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voltammetry). The graphite felt used was GFD 2.5, which was cleaned and prepared as stated 
previously. All chemicals were used as received from Sigma Aldrich without further purification 
unless stated otherwise. Solutions of ferrocyanide with KCl supporting electrolyte were prepared 
using ultrapure water (18 MΩ cm-1, Milli-Q®). Non-aqueous solutions of ferrocene with 0.1 M 
tetrabutylammonium perchlorate (TBAP) in acetonitrile were also prepared. For the non-aqueous 
solutions, the concentration of ferrocene was increased from 0.1 nM to 0.1 mM over 22 
concentrations. For the aqueous solution, the concentration of ferrocene was increased from 10 nM 
to 10 M  
4.4 Surface Grafting and Functionalisation of Carbon Electrodes 
4.4.1 Diazonium Grafting to macro disc electrode 
4.4.1.1 Equipment 
12 M HCl, 0.1 M NaNO2, 4-aminophenol, 4-nitroanaline, 4-aminopyridine, 4-aminobenzoic acid, 
potassium ferricyanide, 1 M KCl were all purchased from Sigma Aldrich and used as supplied. V1 
(H3Na1PW11VO40) polyoxometalate (POM) solution was supplied by ACAL Energy. All electrochemical 
techniques were carried on an Autolab potentiostat (using the Autolab GPES software) with a standard 
3 electrode cell. The potassium ferricyanide solution used as a redox probe consisted of 10 mM 
K3[Fe(CN)6] in 1 M KCl. This was acidified from approximately pH 5.1 to pH 1.0 using 12 M HCl to closer 
match the conditions of the POM solutions. The V1 POM solutions were used as supplied (0.3 M) as 
well as being diluted to 1 mM using a 0.1 M perchloric acid solution as the background electrolyte. 
4.4.1.2 Procedure 
In the grafting solution; the sodium nitrite with HCl generates nitrous acid, which reacts with the 
amino group of the aniline (referred to as the “diazonium precursor”), leaving the diazonium group, 
Figure 4.4. The diazonium group undergoes a one electron reduction at the electrode surface 
forming N2 gas and a phenyl radical. This radical is then able to attack the carbon surface forming the 
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strong C-C bond. In this report two methods are used to supply current to the grafting solution, one 
at a constant potential the other a cyclic method. This one-pot method was chosen over other 
method, such as the one presented by Savéant et al [2], in order to avoid the direct handling of 
diazonium salts, due to their explosive nature. 
 
 
4.4.1.2.1 Potentiostatic deposition 
The electrodes are held at a set potential in a solution of 2.24 ml diazonium precursor (5 mM), 0.24 
ml sodium nitrite (0.1 M), 0.51 ml hydrochloric acid (12 M) and 8.85 ml Milli-Q water for a set amount 
of time (10 minutes unless otherwise stated). After grafting, the electrodes are thoroughly rinsed with 
Milli-Q water. 
 
4.4.1.2.2 Cyclic deposition 
The electrodes are cycled across a potential range in a solution of 2.24 ml diazonium precursor 
(5 mM), 0.24 ml sodium nitrite (0.1 M), 0.51 ml hydrochloric acid (12 M) and 8.85 ml Milli-Q water at 
a set scan rate (10 mV s-1 unless otherwise stated). After grafting, the electrodes are thoroughly 
rinsed with Milli-Q water. 
Figure 4.4: Diazonium grafting to carbon surface reaction scheme. 
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4.4.2 Grafting to graphite felts 
4.4.2.1 Equipment 
All chemicals were used as received from Sigma Aldrich without further purification. The grafting 
solutions were prepared using a modified method of the ‘one-pot’ procedure set forth by 
Y. Leroux Figure 4.5 [3]. For a 25 ml solution, 10 mM (27 L) of perchloric acid (60%) was added to 15 
ml of acetonitrile, followed by 5 mM of the protected diazonium (~0.3 g). 0.1 M (~0.8 g) 
tetrabutylammonium tetrafluoroborate (TBAB) was then dissolved in the solution and then 5 mM of 
sodium nitrite (1.25 mL) was added and the solution made up to 25 ml with acetonitrile.  
For the electrochemical experimentation a Metrohm Autolab PGSTAT 128N potentiostat was used. A 
standard three electrode configuration was employed for all electrochemical measurements. A 
bright platinum wire with attached platinum wire mesh (Metrohm UK) was used as the counter 
electrode and a saturated calomel electrode (ALS Co. Ltd, Japan) was used as the reference with a 
double junction (ALS Co. Ltd, Japan) to reduce contamination of the reference. The graphite felt used 
was GFD 2.5, which was cleaned and prepared as stated previously. A cyclic voltammetry experiment 
was used to graft the protected diazonium to the GF surface, the potential was swept between 0.7 V 
and -0.7 V at a rate of 30 mV s-1. Once the CV had finished, the samples were agitated in ethanol, 
followed by ultra-pure water to remove any additional material. 
 
4.4.2.2 Functionalisation of surface layer 
To remove the protecting group from the monolayer, the felt was stirred in 3 ml of 0.1 M 
Tetrabutylammonium fluoride (TBAF) in tetrahydrofuran (THF) under an argon atmosphere for 30 
minutes. It was then washed and agitated in acetonitrile to remove any remaining TBAF, Figure 4.5.  
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The felt is then dried under vacuum and transferred to a solution of 45 ml diisopropylamine (DIPA), 5 
mg copper iodide, 45 mg PPh3, 15 mg PdCl2(MeCN)2 and either 0.17 g Iodothiolacetate or 0.15 g of 
bromoferrocene, depending on the required terminal moiety to attach. The solution is stirred under 
argon at 55 °C for 3 hours, Figure 4.5. The GF is then removed from the solution and repeatedly 
washed and agitated in acetonitrile, removing any remaining solution, before being dried under 
vacuum.   
This method described above, for attaching a functionality, through the creation of a covalent C-C 
bond between the electrochemically grafted layer and the selected functionalisation precursor, is 
called a Sonogashira coupling reaction. The Sonogashira cross-coupling reaction was discovered by 
Kenkichi Sonogashira et al, and subsequently reported in their publication [1]. It follows the previous 
work of Dieck, Cassa and Heck which produce the same products from reaction, but require much 
harsher conditions for synthesis. While both reaction mechanisms use a palladium catalyst, the 
Sonogashira reaction uses a copper co-catalyst to allow the reaction to be carried out under less 
harsh conditions, notably at room temperature. While the true reaction mechanism is still debated, 
the most widely accepted mechanism works via the following route. 
Figure 4.5: Reaction diagram for the deprotection of grafted diazonium layer and the attachment 
of new terminal moieties. Reproduced from ref. [5]. 
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Studies have shown that the catalytic cycle shown in Figure 4.6 could be the preferred reaction 
pathway, but that exact reaction conditions could affect the intermediary structures [4]. The two 
catalysts required for the coupling reaction are a palladium (0) complex and a copper (I) halide salt. 
Phosphine ligands are often used to create the Pd(0) complex, both monodentate ligands like 
Pd(PPH3)2Cl2 and bidentate ligands such as Pd(dppe)Cl can be used. Problems can arise from Pd(0)s 
instability in air, this can be problematic when storing these compounds over extended time periods. 
To counter this, a Pd(II) pre-catalyst, reduced in situ, is often used. This method is used in the 
experimental work detailed below, where Pd(MeCN)2Cl2 is reduced to Pd(0) by triphenylphosphine 
(PPh3). The Cu(I) salts, such as the copper iodide used below, forms a acetylide by reacting with a 
terminal alkyne. This terminal alkyne is produced by removing the protecting group from the grafted 
surface layer. As mentioned previously, the Pd(0) complex is unstable in air, so the reaction is 
Figure 4.6: Reaction diagram for the Sonogashira reaction used to attach new functionalities to 
terminal alkyne on surface grafted layer [1]. 
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required to be oxygen free, experimentally this is achieved by deaerating the solution with argon. An 
amine based solvent, like diisopropylaminine is used as a solvent for the reaction to prevent H-X 
halide formation. 
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5.1 Introduction 
Graphite felts (GFs) are the electrode material of choice for redox flow batteries (RFBs) [1-4]. These 
materials remain more popular than other carbon based materials, such as carbon paper, a result of 
their favourable liquid permeability and high surface area [5, 6]. Due to the popularity of these 
materials and the rapidly growing RFB market, a large amount of research has been conducted on 
their physical and electrochemical properties, where the main objective is to improve cell 
performance, i.e. obtain higher current densities whilst maintaining the required operating efficiency. 
A common objective of GF research has been the measurement of mass transport coefficients in 
miniaturized flow cells [7-9]. Although these experiments provide useful property data, they can be 
difficult to set up and require specialized/bespoke equipment. In an attempt to simplify experimental 
requirements, some researchers have made stationary electrodes from graphite felts and studied the 
material with classical 3 electrode cyclic voltammetry [10-12]. However, as Figure 5.1 shows, many 
GFs are hydrophobic and difficult to wet. The apparent high contact angle suggests a hydrophobic 
surface, similar to that reported by Banks et al. for graphene foam [13]. As a result, the amount of the 
interior surface in contact with electrolyte is difficult to control and can generate misleading results, 
especially if electrodes of different surface wettability are being compared. 
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Figure 5.2: Image of water droplet on graphite felt (SGL GFD2.5), taken 30 s after the water drop was 
deposited on the felt surface. 
The development of an elegant technique that allows GFs to be used as electrodes in quiescent 
voltammetry experiments is described in this chapter. This involves a felt pre-treatment to allow for 
homogeneous wetting through the GF sample, followed by cyclic voltammetry in a redox system of 
interest. Using simple voltammetric techniques combined with a commercially available simulation 
package, key properties such as capacitance, electrode kinetics, average pore size and electrochemical 
surface area can be determined. This is of particular interest for examining multiple or modified GFs 
quickly, without the need for a complicated experimental set up. The developments reported in this 
chapter pave the way for the rapid screening of electrode materials and electrode treatments for 
redox flow batteries and other applications. 
The “smooth” surface area of the felt can be estimated by approximating the felt as one cylindrical 
carbon fibre.  The mass of the felt electrode, m, can be used to determine the total volume of the 
carbon fibres, Vcf, via the simple density relationship: 
𝑉cf =
𝑚
𝜌cf
          (5.1) 
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Where cf is the density of carbon fibres and is generally considered to be around 1.8 g cm-3.[14, 15]  
The equivalent length of the carbon fibre, Lcf, is then deduced using the equation for the volume of a 
cylinder: 
𝜋𝑟2𝐿cf = 𝑉cf          (5.2) 
Where r is the radius of the carbon fibres in the felt, determined to be 4 µm for the particular felt used 
in this investigation.  The surface area of the fibre (and hence the whole electrode), Acf, is then 
determined using: 
𝐴cf = 2𝜋𝑟𝐿cf                          (5.3) 
The average pore size within the felt proved to be a difficult quantity to measure.  Initially, fifty SEM 
images were analysed using the method reported for carbon fibre papers in reference [16]. 
Unfortunately, the 3-dimensional structure of the GF samples resulted in meaningless results from the 
image analysis (the method works well for carbon papers, which are considered to possess a 2-
dimensional structure).  Mercury porosimetry and BET were also unable to give meaningful pore size 
distribution data for this material.  Therefore, a conceptual approach to estimate the average pore 
radius was developed. 
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Figure 5.5: Illustration of a theoretical unit cell (a) for evaluating pore radius, Rp, and fibre to fibre 
distance, d. (b). 
The square unit cell model in figure 5.5(a) represents an idealized view of the GF structure and 
provides an estimation of the average distance between fibres, which can be used to approximate the 
average pore size.  For the cubic unit cell to be representative of the material, the area of the empty 
space, divided by the area of the unit cell should equal the porosity, of the felt,: 
 






2
2
1
x
r
                              (5.4) 
Where x is the dimension of the unit cell, as labelled in Figure 5.5. The porosity of the felt can be 
determined using the total volume of the felt, VTot, and the equation: 
= 1 − (
𝑚
𝑉Tot𝜌cf
)          (5.5) 
The shortest fibre surface to fibre surface distance, d, is then simply given by: 
𝑑 = 𝑥 − 𝑟 = √[
𝜋𝑟2𝑉Tot𝜌cf
𝑚
] − 2𝑟                    (5.6) 
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where the parameters r, m, VTot and cf are all known.                    
In terms of evaluating a pore radius, Rp, to compare with experimental results and subsequent model, 
an approximation is shown in Figure 5.5 (b), where four unit cells are drawn together. In this case, Rp 
resembles the pore radius and is given by: 
𝑅𝑝 = (
𝑥
√2
) − 𝑟 = √(
[
𝜋𝑟2𝑉Tot𝜌cf
𝑚
]
2
⁄ ) − 𝑟               (5.7) 
In the case of a hexagonally packed unit cell, the equation for Rp is also given by equation 5.7.    
5.3 Simulations 
Dr Trevor Davies suggested that by using simulations in combination with experimental GF 
voltammograms, electrochemical and physical properties of the GF electrodes could be extracted. The 
following section describes the model used to simulate the cyclic voltammetry of GF (and other 
porous) electrodes. 
Consider the schematic diagram in Figure 5.6. The porous GF electrode can be approximated as an 
ensemble of pores that mimic tube electrodes, with the interior surface being the active area. Each 
pore of radius Rp and length L can be approximated as two parallel plate electrodes separated by a 
distance 2Rp where the area of each plate is (2Rp)L/2. Note that for planar diffusion where the pore 
radius is comfortably greater than the diffusion layer thickness, the voltammetric response of the tube 
and parallel plates should be the same (assuming planar diffusion). However, as Rp becomes similar to 
the diffusion layer thickness and the depletion zone extends into the pore, the voltammetric signals 
for the two electrodes will start to differ as the parallel plates have an enclosed electrolyte volume of 
(2Rp)2L/2, whereas the tube has an enclosed electrolyte volume of (2Rp)2L/4. This represents a 
source of error in the simulation approach but is acceptable as a first attempt, allowing the use of 
commercially available cyclic voltammetry software.  
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Figure 5.6: Schematic diagram approximating a pore as a tube electrode, which can be approximated 
as a parallel plate electrode assembly, which is mathematically identical to a planar electrode below 
an insulating plate. 
Due to a region of zero flux between the parallel electrodes in Figure 5.6, the situation can be 
considered as, and is mathematically identical to, the situation where an insulating plate is placed 
above an electrode at a height of Rp [17]. In this situation the total area of the parallel plate electrodes 
is equal to the area of the single plate electrode in the plate-insulator model. The cyclic voltammetry 
of the latter can be simulated with commercially available software, such as DigiElch or DigiSim, using 
the finite diffusion package intended for thin layer voltammetry [18, 19]. In the final step of the model, 
the whole porous electrode is approximated as a plate electrode, separated from an insulating plate 
by a distance of Rp. 
In the following description, the redox system is a simple one electron reduction of species A to B: 
BA  e           (5.8) 
Where the initial concentration of A, [A], is 1 mM, initial [B] is 0 mM, the formal potential, Ef, is 0 V, 
the diffusion coefficients of A and B, D, are equal to 1 x 10-6 cm2 s-1 and the standard electron transfer 
rate constant, ko, is 0.01 cm s-1.  The value of D can be obtained via separate experiments with 
traditional macroelectrodes, whereas ko can be initially estimated then refined once conditions of 
semi-infinite diffusion are known (see later). 
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The objective of the simulation method is to determine the two unknowns of electrochemical surface 
area and average pore size from the experimental cyclic voltammetry response of the porous 
electrode.  Consider the example where the porous electrode can be described as the plate electrode 
in Figure 5.6 with a surface area of 10 cm2 and a pore radius, Rp, of 30 µm. Figure 5.7 illustrates cyclic 
voltammograms (simulated) for the electrode in the given redox solution at scan rates of 0.01, 0.1 and 
1 V s-1. At low scan rates, thin layer voltammetry is observed, with well-defined forward and reverse 
peaks with almost identical peak potentials [19]. As the scan rate increases, the mass transport 
changes to semi-infinite diffusion and “classically shaped” voltammograms are observed. The 
transition from thin layer to semi-infinite diffusion voltammetry can be seen in plots of cathodic peak 
current, Ipc vs. scan rate, v, and Ipc vs. v0.5 (Figure 5.9). The changing shape of the voltammograms and 
Ipc-v relationship is predominantly affected by diffusion layer overlap. At low scan rates, the diffusion 
layer thickness is larger than Rp, leading to heavily overlapping diffusion layers within the pore and 
consequently thin layer voltammetry. At the highest scan rates, the diffusion layer is comfortably 
smaller than Rp leading to little or no diffusion layer overlap and voltammetry where mass transport 
is described by semi-infinite diffusion. Compton and co-workers have previously shown diffusion layer 
overlap can be used to determine the size of individual electrodes in microelectrode arrays and the 
size of blocking particles on electrode surfaces [20-23]. Using the same principle, diffusion layer 
overlap can be used to determine the size of pores in porous electrodes. A direct method is to compare 
simulated voltammograms with experimental voltammograms and vary the parameters to find the 
best fit. However, a more elegant and relatively faster method is now described. 
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Figure 5.7: Simulated cyclic voltammograms for the porous electrode of total surface area 10 cm2 and 
average pore radius of 30 µm in the A-B redox system discussed in the text at scan rates of (a) 0.01 V s-
1, (b) 0.1 V s-1 and (c) 1 V s-1. 
Imagine the voltammograms in Figure 5.7 are actually real experimental voltammograms for a GF 
electrode of unknown surface area and average pore size. Using the previously determined values of 
D and ko and the known value of [A], the cyclic voltammetry response of an electrode of surface area 
1 cm2 can be simulated (using the finite diffusion facility) for a range of Rp values at each scan rate. 
For each value of Rp, a corresponding value of Ipc can be determined. Because the simulation is for an 
electrode area of 1 cm2, dividing the experimental Ipc by the simulated Ipc gives a ratio that is equal in 
magnitude to the equivalent area in cm2.  For example, in the case of Rp = 10 µm and v = 0.1 V s-1 the 
simulated peak cathodic current is 0.092 mA.  The corresponding experimental voltammogram is 
Figure 5.7(b).  Dividing the experimental peak current (2.14 mA) by 0.092 mA gives the number 23.3. 
Therefore, if the porous electrode had an average pore radius size of 10 µm, it would require a total 
surface area of 23.3 cm2 to generate a peak current of 2.14 mA at 0.1 V s-1 in the given redox system. 
Using this approach, a plot of equivalent area vs. pore size can be produced for each scan rate, as 
shown by the curves in Figure 5.8, each curve corresponding to a different scan rate. At high values of 
Rp, diffusion layer overlap does not occur. In this case mass transport is described by semi-infinite 
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diffusion and the peak current is independent of pore size, so a horizontal line is observed in the 
equivalent area vs. pore size plot. As the pore size decreases, a transition to finite diffusion occurs, 
resulting in increasing amounts of diffusion layer overlap. The equivalent area increases as the peak 
currents are smaller than those obtained under semi-infinite diffusion. Because scan rate directly 
affects diffusion layer thickness, the equivalent area vs. pore size plots change with scan rate. As such, 
the surface area and average pore size of the experimental electrode are determined by where the 
curves intersect in Figure 5.8. This is the only point unique to all scan rates for the individual felt 
employed as the electrode, in this case 10 cm2 and 30 µm respectively. Thus, using a simple 
approximation for pores and a rapid simulation method in commercially available software, estimates 
for the electrode surface area and average pore size can be determined from cyclic voltammetry 
experiments with a known redox couple. 
 
Figure 5.8: Simulated curves of equivalent surface area vs. pore radius using the cathodic peak current 
results from the porous electrode with total surface area 10 cm2 and average pore radius 30 µm. 
Figure 5.9 illustrates plots of peak cathodic current, Ipc, vs. scan rate, v, and Ipc vs. v0.5 for the porous 
electrode. At low scan rates the peak current is proportional to scan rate, indicative of thin layer 
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voltammetry and finite diffusion, whereas at high scan rates the peak current is proportional to the 
square root of scan rate, indicative of semi-infinite diffusion.  
 
 
 
Figure 5.9: (a) Cathodic peak current vs. scan rate for the porous electrode of total area 10 cm2 and 
average pore radius of 30 µm. (b) Magnification of the linear region in (a). (c) Cathodic peak current 
vs. square root of scan rate for the porous electrode of total area 10 cm2 and average pore radius of 
30 µm. (d) Magnification of the non-linear region in (c). 
5.4. Results and Discussion 
The large surface area of the GF electrodes (~60 cm2 per electrode) resulted in currents of magnitude 
~10 mA when solutions of mM concentrations of redox species were used.  This caused distortions in 
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the voltammetry due to uncompensated solution resistance.  Two methods were used to correct for 
this.  In some cases the “IR-compensation” feature in the potentiostat was used to automatically 
compensate the potential signal for solution resistance (where I is the current and R is the solution 
resistance between the reference and working electrodes).  In other cases the concentration of redox 
species was reduced 10-100 times to decrease the current magnitude and eliminate the requirement 
for IR-compensation (i.e. the value of IR became insignificant).  
Figure 5.3(a) illustrates cyclic voltammograms recorded at 0.1 V s-1 with a GF electrode in 0.1 mM 
ferrocene/0.1 M TBAP. The dashed curve corresponds to the uncompensated cyclic voltammogram 
whereas the solid curve is the voltammogram with 85 % compensation of solution resistance. The 
measured solution resistance in the cell was 15 Ohm. The magnitude of the current signal is ~10 mA, 
producing an “IR drop” value of ~150 mV (where I is the current and R is the solution resistance). This 
is large enough to distort the signal, which is illustrated by the difference between the compensated 
and uncompensated voltammograms in Figure 5.3(a). An alternative to electronically compensating 
for solution resistance is to reduce the concentration of the redox system, thus reducing the 
magnitude of the current and associated “IR drop”. This is illustrated in figure 5.3(b) where applying 
electronic IR compensation for solution resistance had little to no effect for the 10 µM ferrocene 
solution which is ten times more dilute that in Figure 5.3(a). Both IR compensation and redox species 
dilution were used to obtain voltammograms suitable for data analysis. 
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Figure 5.3: Cyclic voltammetry of a GF electrode in (a) 0.1 mM and (b) 10 µM ferrocene solution, 
before and after automatic solution resistance compensation. Scan rate = 0.1 V s-1 
 
The cyclic voltammetry of four redox systems were studied:  ferricyanide in 0.1 M KNO3; ferrocyanide 
in 1 M KCl(aq), vanadium(V) oxide in 4 M H2SO4(aq) and ferrocene in 0.1 M TBAP / acetonitrile.  By 
comparing the voltammograms from experiments using 3 mm carbon electrodes (EPPG, BPPG and 
PFCE) with simulations produced using the DigiElch© software; it was possible to determine both D 
and ko for each redox system studied. Values for both D and ko were obtained for a range of scan rates 
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between 10 mV s-1 and 1 V s-1.  Average values are given in Table 5.1 and compare well with values 
previously reported (the values of ko for the GF electrodes in Table 5.1 are discussed later) [25-27]. 
Table 5.1. Rate constants (ko and diffusion coefficients (D) for EPPG, PFC and GF electrodes. 
Redox System ko of different electrodes (cm s-1) D (cm2 s-1) 
EPPG PFC GF 
Ferricyanide (aqueous) 2.3 ±0.3 x 10-3  3.0 ±0.5 x 10-3  2.2 ±0.5 x 10-3 7.5 ±0.3 x 10-6 
  
Ferrocyanide (aqueous) 7.5 ±0.4 x 10-3 - 7.0 ±0.5 x 10-3 6.0 ±0.2 x 10-6 
Ferrocene (non-aqueous) 2.2 ±0.3 x 10-2 3.5 ±0.4 x 10-4 2.0 ±0.4 x 10-2 2.4 ±0.2 x 10-5 
Vanadium(V) (aqueous) 1.7 ±0.3 x 10-5 2.0 ±0.6 x 10-5 4.1 ±0.7 x 10-6 
  
1.9 ±0.5 x 10-6 
5.4.1 Ferricyanide Voltammetry  
Figure 5.10(a) illustrates cyclic voltammograms at 0.05 V s-1 for the PFC and EPPG electrodes in an 
aqueous solution of 1.0 mM ferricyanide and 0.1 M KNO3.  Figure 5.10(b) illustrates the corresponding 
voltammogram for a graphite felt electrode under the same conditions but where the ferricyanide 
concentration is 0.1 mM.  The lower concentration was used to avoid the requirement for IR 
compensation as discussed previously.  There are two main differences between the felt and disc 
voltammetry.  First, the currents recorded with the felt electrode are much higher in magnitude than 
for the traditional carbon disc electrodes.  This is to be expected as the surface area is much larger for 
the felt electrode. Second, the peaks in the felt voltammogram are better defined, with the current 
almost returning to the baseline after the peak, resembling thin layer voltammetry [19].    
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Figure 5.10: Cyclic voltammograms of (a) EPPG and PFC type electrodes in 1.0 mM ferricyanide/0.1 M 
KNO3(aq.) solution and (b) GF electrode in 0.1 mM ferricyanide/0.1 M KNO3(aq.) solution. Scan rate = 
0.05 V s-1. (c) Cyclic voltammograms of three different GF electrodes in a 0.1 mM ferricyanide / 0.1 M 
KNO3(aq.) solution. Scan rate = 0.05 V s-1. (d) Cyclic voltammograms of the platinum wire fish hook in 
0.1 mM ferricyanide / 0.1 M KNO3(aq.) solution and a GF electrode in 0.1 M KNO3(aq.) solution. Scan 
rate = 0.05 V s-1. 
Figure 5.10(c) illustrates cyclic voltammograms recorded at 0.05 V s-1 in an aqueous solution of 0.1 mM 
ferricyanide and 0.1 M KNO3 with 3 different GF electrodes. As observed, the GF electrodes 
demonstrate good repeatability in terms of the shape and magnitude of the signal. This is a result of 
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the GF preparation method, specifically the 3 step pre-wetting of the electrode. Without the pre-
treatment, the GF electrodes produce signals with a reduced magnitude (compared to Figure 5.10(c)) 
and poor repeatability.  Figure 5.10(d) illustrates a cyclic voltammogram recorded at 0.05 V s-1 in an 
aqueous solution of 0.1 mM ferricyanide and 0.1 M KNO3 with just the platinum wire fish hook as the 
working electrode (i.e. no GF). Also shown is the corresponding voltammogram for a GF electrode 
immersed in supporting electrolyte only.  These two voltammograms show the signal observed in 
Figures 5.10(b) and (c) are predominantly due to ferricyanide redox reactions occurring on GF.  On 
increasing the scan rate, the expected transition in voltammetry characteristics from thin-layer to 
semi-infinite diffusion was observed.   
Figure 5.11(a-d) illustrates plots of peak cathodic current, Ipc, vs. scan rate, v, and Ipc vs. v0.5 for a GF 
electrode in 0.1 mM ferricyanide solution. The results are very similar to the simulated plots in Figure 
5.7, and indicate a transition from finite diffusion/thin layer voltammetry at low scan rates to semi-
infinite diffusion at high scan rates. The amount of diffusion layer overlap inside the porous electrode 
changes with scan rate, which suggests the simulation method proposed in the previous section can 
be used in combination with these experimental results to simultaneously determine the total 
(smooth) surface area and average pore size for this GF electrode.  
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Figure 5.113: (a) Cathodic peak current vs. scan rate for a GF electrode in 0.1 mM ferricyanide solution. 
(b) Magnification of the linear region in (a). (c) Cathodic peak current vs. square root of scan rate for 
a GF electrode in 0.1 mM ferricyanide solution. (d) Magnification of the non-linear region in (c).  
The simulation method described in the previous section was combined with the experimental peak 
currents (at multiple scan rates) and used to generate plots of equivalent surface area vs. average 
pore size, as shown in Figure 5.12. Initially, the simulations used the D and ko values for the PFC 
electrode/ferricyanide system in Table 5.1. This generated a similar plot to Figure 5.8, and suggested 
the 0.5 V s-1 and 1 V s-1 experimental scans corresponded to semi-infinite diffusion mass transport (i.e. 
the 0.5 V s-1 and 1 V s-1 curves were horizontal at the curve crossing point). Therefore, an average ko 
value of 2.2 x 10-3 cm s-1 was obtained by fitting the peak to peak separation values for the 0.5 V s-1 
and 1 V s-1 GF experimental voltammograms to simulated semi-infinite diffusion cyclic voltammograms 
using DigiElch. This is another benefit of the simulation method – the identification of experimental 
data where mass transport is described by semi-infinite diffusion. Figure 5.12 was then generated 
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using values of D = 7.5 x 10-6 cm2 s-1 and ko = 2.2 x 10-3 cm s-1. As observed, the curves (representing 
different scan rates) intersect at around 50 cm2 and 30 µm in Figure 5.12, implying these are the values 
of electrochemical surface area and average pore radius for the particular GF tested.   
 
Figure 5.12: Simulated curves of equivalent surface area vs. pore radius using the cathodic peak 
current results from a GF electrode in a 0.1 mM ferricyanide solution. 
Table 5.2: Summary of experimentally determined equivalent surface area and pore radius and 
theoretical pore radius and surface area.  
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A more precise range for the cross-over region is given in Table 5.2, along with the surface area 
calculated from the cylinder approximation and the corresponding approximate pore radius. Also 
given are the results for 2 other GF electrodes in the same electrolyte. It is clear from Table 5.2 that 
there is good agreement between experimentally determined and theoretically predicted surface 
areas, suggesting the approximations used in the model are a good first attempt at describing the 
complex electrode surface arrangement inside the porous electrode. Regarding the experimental pore 
sizes, these are similar to the theoretical pore sizes but the theoretical pore sizes tend to be 
consistently smaller than the experimental values.  This is to be expected as the experimental result 
is a summation of an ensemble of pores where the larger pores have a disproportionally larger 
contribution to the peak current (as they have less thin layer and more semi-infinite diffusion-type 
voltammetry).  Assuming the pore size distribution follows a Gaussian curve, the experimental result 
represents a pore size that is larger than the median whereas the theoretical result represents the 
median (or a size closer to the median if the distribution isn’t symmetrical).  Further work will address 
this issue, where the GF electrode will be modelled as an ensemble of tubular pores.   
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5.4.2 Other Redox Systems 
In addition to ferricyanide, 3 other redox systems were investigated:  ferrocyanide in 1 M KCl(aq); 
vanadium(V) oxide in 4 M H2SO4(aq); and ferrocene in 0.1 M TBAP / acetonitrile.  Following the same 
procedure in the previous section, cyclic voltammograms were recorded with GF working electrodes 
at different scan rates.  The results were then analysed using the simulation method discussed 
previously.  This generated experimental values for the equivalent pore radius and surface area, which 
are reported in Table 5.2.  
5.4.2.1 Ferrocyanide Voltammetry 
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Figure 5.13: Cyclic voltammetry of (a) an EPPG and (b) a GF electrode in 1.0 mM ferrocyanide/1.0 M 
KCl(aq.) solution. Scan rate = 0.05 V s-1.  
In addition to the ferricyanide, the ferrocyanide redox system was also investigated with GF 
electrodes. However as a higher concentration was used it was necessary to apply solution resistance 
compensation. For the GF electrode in 1.0 mM ferrocyanide solution, Figure 5.13(b), 85% of the 
measured 6.6 Ohm solution resistance was compensated for. The ferrocyanide system is in excellent 
agreement with the ferricyanide system in terms of both voltammetric characteristics and the 
deduced felt properties (e.g. pore radius and surface area) in Table 5.2. The same relationship 
between scan rate, the square root of scan rate and peak anodic current, as shown previously, Figure 
5.11(a-d), is also seen for ferrocyanide Figure 5.14(a-d).  
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Figure 5.14: (a) Anodic peak current vs. scan rate for a GF electrode in 0.1 mM ferrocyanide solution. 
(b) Magnification of the linear region in (a). (c) Anodic peak current vs. square root of scan rate for a 
GF electrode in 0.1 mM ferrocyanide solution. (d) Magnification of the non-linear region in (c). (e) 
Simulated curves of equivalent surface area vs. pore radius using the anodic peak current results from 
a GF electrode in a 1.0 mM ferrocyanide solution. 
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The equivalent area vs. Rp plot shown in Figure 5.14 (e) is comparable to both the initial simulated plot 
and that of ferricyanide (Figures 5.8 and 5.12). However, the crossover region is more diffuse than 
previously. Whilst this produces a larger range for both pore size and equivalent area, the low scan 
rate results are more likely to have the largest error due to the issues discussed in the previous section.  
The higher scan rate results suggest values of Rp = 30 µm and area = 60 cm2. This agrees well with the 
theoretical surface area given in Table 5.2. 
 The voltammetry and analysis followed the same trends as shown above for the ferricyanide system.  
For all the systems there was good agreement between the experimental and theoretical surface area, 
generating more confidence in the simulation method (especially given the diverse selection of redox 
systems).  As before, the experimental average pore radius values were similar to but consistently 
larger than their theoretical analogues. 
5.4.2.2 Vanadium(V) Voltammetry  
Of particular interest was the vanadium(V) oxide redox system, described by equation 5.9: 
     (5.9) 
This system is well known to be electrochemically irreversible and produce poor quality 
voltammograms with traditional carbon disc working electrodes and offers an excellent opportunity 
to showcase the ability of the GF electrodes.[37] Figure 5.16(a) shows the cyclic voltammogram for 
1.6 mM vanadium(V) oxide in 4 M H2SO4(aq) with a PFC working electrode at 50 mV s-1. In comparison 
Figure 5.16 (b) shows the cyclic voltammogram for the same solution but with a GF electrode. The GF 
is clearly superior at both resolving the redox peaks and improving the profile of the voltammogram. 
The GF felt was also able to distinguish the redox peaks of a 32 µM solution of the vanadium(V), shown 
in Figure 5.16(c). It was not possible to distinguish these redox peaks with the 3 carbon disc electrodes 
at this low concentration. Given the challenging nature of this redox system, the ability of the GF 
electrode to distinguish peaks at such minute concentrations is particularly impressive. 
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Vanadium redox flow batteries (VRFBs) are of ever increasing industrial and academic interest. With 
the growing global demand for long lasting, stable energy storage systems the VRFB has been 
extensively studied and is widely discussed in literature [38]. A large amount of research on this system 
has used either flow cell or rotating disc experiments. Whilst these techniques provide a host of useful 
information, especially regarding the systems use within flow batteries, they can be both difficult to 
set up and costly in terms of both expenditure and time. By following the techniques set out in this 
work, the vanadium(V) oxide system can be studied effectively, even at minute concentrations and 
with very little effort. This makes rapid screening of electrode modifications possible and could 
significantly enhance the development of more efficient VRFBs.  
A solution of 1.6 mM vanadium(V) in 4 M H2SO4(aq.) was produced and investigated using the above 
voltammetric method. Again values for both D and k were determined from cyclic voltammetry using 
the standard 3 mm diameter carbon electrodes, Table 5.1, and these compare well with literature 
values [39]. The difficulties in measuring this system with standard carbon electrodes, such as the poor 
peak definition shown in Figure 5.15(a), give an excellent opportunity to showcase the ability of the 
GF electrodes. Figure 5.15(a) shows the cyclic voltammogram for 1.6 mM vanadium(V) with a PFC 
working electrode at 50 mV s-1. In comparison Figure 5.15 (b) shows the cyclic voltammogram for the 
same solution but with a GF electrode. The GF is clearly superior at both resolving the redox peaks 
and improving the profile of the voltammogram. The GF felt was also able to distinguish the redox 
peaks of a 32 µM solution of the vanadium(V), shown in Figure 5.15(c). It was not possible to 
distinguish these redox peaks with the 3 carbon disc electrodes at this low concentration. Given the 
challenging nature of this redox system, the ability of the GF electrode to distinguish peaks at such 
minute concentrations is particularly impressive. The equivalent surface area vs. Rp plot for the 1.6 mM 
vanadium system is shown in Figure 5.15(d).  The range of equivalent surface area and pore sizes are 
much greater than for the previous redox systems. Despite this they still compare well to the predicted 
values, shown in Table 5.2, as well as the two previous systems. 
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Figure 5.15: Cyclic voltammetry of (a) EEPG electrode, (b) GF electrode in 1.6 mM vanadium(V) / 4 M 
H2SO4(aq.) solution and (c) GF electrode in 32 µM vanadium(V)  / 4 M H2SO4(aq.) solution. Scan rate = 
0.05 V s-1. (d) Simulated curves of equivalent surface area vs. pore radius using the cathodic peak 
current results from a GF electrode in a 1.6 mM vanadium(V) solution. 
5.4.2.2 Ferrocene Voltammetry 
To further examine the ability of the GF electrodes, a non-aqueous redox system was also investigated. 
A solution of 0.1 mM ferrocene in 0.1 M TBAP/acetonitrile was used for the standard carbon disc 
electrodes, whereas 10 µM ferrocene in 0.1 M TBAP/acetonitrile was used for the GF samples. The 
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non-aqueous nature of the ferrocene solution eliminated the wettability issue of the GF and therefore 
removed the requirement for the ethanol pre-treatment step. Values of D and ko were again 
determined using the traditional carbon disc electrodes, Table 5.1, and are within the range of 
previous literature values [40]. Figure 5.16 shows a comparison between the EPPG and GF electrodes 
in the ferrocene solution. 
 
Figure 5.16: Cyclic voltammetry of (a) an EPPG electrode in 0.1 mM ferrocene solution and (b) a GF 
electrode in 10 µM ferrocene solution. Scan rate = 0.05 V s-1. 
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The results for GF electrodes in ferrocene/acetonitrile solution follow the same trends seen in the 
previous aqueous systems, as shown in Figure 5.17(a-d). The equivalent area vs. average pore radius 
plot determined using the simulation method is shown for one of the GF electrodes in the 
ferrocene/acetonitrile system in Figure 5.17(d). As observed, the cross over region is much more 
diffuse for this system compared to the aqueous systems. The cause could be the higher diffusion 
coefficient of ferrocene in acetonitrile, making the lower scan rate results even more prone to the 
simulation error discussed in the previous section. Discarding the 0.01 and 0.02 V s-1 data, the results 
agree well with the other systems.  
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5.4.3 Fibre Surface Structure 
The capacitance of an electrode surface can be determined via cyclic voltammetry within a potential 
window where no faradaic reactions occur. Once the capacitance, C, of the GF electrode is 
determined, the specific capacitance, Co, can be evaluated by dividing the capacitance value by the 
total area of the electrode, these are listed in Table 5.3 where the theoretical surface area was used. 
The results provide an insight into the nature of the carbon fibre surfaces with the graphite felt. 
Previous studies with highly ordered pyrolytic graphite, found graphite with a predominantly basal 
plane surface has a specific capacitance of around 1-2 µF cm-2, whereas for edge plane surfaces the 
figure is a lot higher, around 70 µF cm-2 [28]. In addition when a carbon surface is comprised of both 
edge and basal plane, the total specific capacitance, Co, is a weighted average of the edge and basal 
plane contributions:   
Co= Coe fe + Cob (1-fe)         (5.10) 
where Coe and Cob are the specific capacitance values for the edge and basal plane surfaces, and fe is 
the fraction of edge plane on the graphite surface. 
Table 3.3: Average specific capacitance measurements for GF in a range of redox systems at various 
scan speeds (0.1-5 V s-1). 
Figure 5.17: (a) Anodic peak current vs. scan rate for a GF electrode in 10 µM ferrocene solution. 
(b) Magnification of the linear region in (a). (c) Anodic peak current vs. square root of scan rate 
for a GF electrode in 10 µM ferrocene solution. (d) Magnification of the non-linear region in (c). 
(e) Simulated curves of equivalent surface area vs. pore radius using the anodic peak current 
results from a GF electrode in a 10 µM ferrocene solution. 
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The results from Table 5.3 indicate the average specific capacitance of the GF electrode is relatively 
low, around 10 F cm-2 over the four systems studied in this work.  Using equation 5.10 and values of 
70 F cm-2 and 1 F cm-2 for Coe and Cob, respectively, this corresponds to an approximate basal/edge 
ratio of 87/13 (i.e. 87% basal plane, 13% edge plane) and suggests that basal plane carbon is the 
dominant surface structure in the GFs studied in this work. This agrees well with the ‘onion ring’ 
structure observed in highly graphitized carbon fibres derived from polyacrylonitrile [28]29].   
The capacitance of an electrode surface can be determined via cyclic voltammetry within a potential 
window where no faradaic reactions occur. Figure 5.18 illustrates an example of the capacitance scans 
recorded in the ferrocene systems. These are typical results with the capacitive current, I, increasing 
linearly with scan rate, . For these voltammograms the capacitance, C, of the surface can be 
calculated using equation 5.11; 
I=C           (5.11)
Redox System Average Specific Capacitance (µF cm-2) 
Ferricyanide (aqueous) 20 
Ferrocyanide (aqueous) 4.2 
Vanadium(V) (aqueous) 14 
Ferrocene (non-aqueous) 7.8 
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5.5. Limit of Detection 
In order to further examine the properties of the GF materials and their application as electrodes, a 
study into their limit of detection was performed. For many electroanalytical applications, electrodes 
are often required to detect increasingly low concentrations of analyte. Decreasing the limit of 
detection (LoD) of electrodes is therefore a continuing goal of the electrochemical community. 
Whilst the type of electrochemical experiment used can provide an increase in signal size and 
quality, for example the use of differential pulse voltammetry over cyclic voltammetry, it is often the 
physical characteristics of the electrode that play the largest part in increasing the current signal to 
noise ratio, thereby decreasing the LoD. Conventional thinking lends to the approach of reducing 
electrode size to improve the LoD, by increasing the rate of mass transport, which leads to increased 
current densities and improvements in the signal to noise ratio. This ratio of analyte to capacitive 
background current signal is very important when discussing voltammetric techniques for 
electroanalysis. While the voltammetric techniques employed in electroanalysis are very sensitive to 
the currents produced by even a small amount of analyte, the LoD is significantly higher due to the 
Figure 5.18: Capacitance measurements using cyclic voltammetry of GF in 10 µM ferrocene 
solution at the shown scan rates. 
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background capacitive charging of the double layer, causing interference [24]. On metal electrodes, 
such as Hg, this capacitive current has been used to investigate the structure of the double layer and 
its effect on electrode kinetics [25]. In the case of carbon electrodes, this is increasingly more 
difficult due to the additional factors such as the range of surface groups and surface roughness 
adding complications to the observation of the background current. Often an unfortunate side effect 
of reduced surface area is an increase in either cost of the electrode or difficulty in preparation. Both 
of these conditions reduce the throughput of experiments due to the preparation and care 
requirements of these electrodes and reduce the variety of experiments for risk of damaging 
expensive equipment. Furthermore, small electrodes generate small currents that required 
sophisticated potentiostats to detect and “ideal” lab conditions to reduce electrical noise [26-28]. 
Previous work on the electrochemical characterization of graphite felt electrode suggested graphitic 
felts were able to detect lower concentrations of analyte better than their planar disc counterparts. 
Due to the high surface area of the felts, when using cyclic voltammetry in a redox solution of ~1 mM 
analyte concentration, the corresponding peak currents were very high, in the milliamp and above 
range. This in turn led to an increased uncompensated solution resistance (IR drop) which 
consequently effected the voltammetry. To counter this there were two options; either electronically 
compensate for the resistance or reduce the concentration of the analyte to a point where the 
corresponding value of IR is below 0.1 mV. It was while reducing the analyte concentration that it was 
noted the felts outperformed the planar disc carbon, even when working with analytes below 10 µM 
concentration, the quality of the signal appeared to be unaffected by the reduced concentration [29].   
Using GFs as “mega-macro” electrode materials for studying low concentrations moves against the 
trend for smaller surface area electrodes. Previous literature has reported the use of macro carbon 
electrodes for use in quiescent electrochemical experiments, but as reported in chapter 3 these have 
suffered from wettability issues, making LoD studies difficult to control. The GFs used here have 
physical surface areas of approximately 27.5 m2 g-1, dimensions of 1 cm x 1 cm x 0.28 cm and an 
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electrochemical surface area of approximately 60 cm2 [29].  Furthermore, due to the mass production 
of this material for redox flow battery applications, each 0.28 cm3 piece of electrode material costs 
less than 0.01 GBP. In addition, graphite felt electrodes are relatively easy to prepare and require no 
polishing. This chapter investigates to what degree these low-cost, robust GF electrodes are able to 
detect analyte signals in both aqueous and non-aqueous solutions. 
5.5.1. Results and Discussion  
The electrochemistry of the felt differs from that of the macro disc electrode in two key respects. 
Firstly; due to the large surface area of the felt, higher currents are recorded, compared to the 
traditional disc electrodes. At a given concentration, the analyte signal is typically 100 times greater 
for a 1 cm x 1 cm GF electrode than for a 3 mm diameter EPPG electrode. Secondly; the thin layer 
voltammetry exhibited by the felt at low scan rates (due to its porous structure) allows for better 
defined peaks, with the current almost returning to the baseline after the peak.  
The limit of detection is the smallest concentration that can be detected with a reasonable level of 
certainty, while the limit of quantification (LoQ) is the smallest concentration which can be reliably 
quantitatively analysed [30]. The 3 method was used for each solution to provide a statistical value 
for the LoD [31]. Measurements were carried out in both aqueous and non-aqueous, background 
electrolyte, with no added analyte to determine the validity of the measurements.  
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5.5.1.1 Ferrocene electrochemistry 
Figure 5.20c shows the comparison between an EPPG electrode, in red and GF, in blue in a 1 µM 
ferrocene solution. This is a much lower concentration than the millimolar concentrations usually 
employed for electrochemical measurements on planar disc electrodes. Despite this the GF provides 
a much clearer signal. The EPPG electrodes’ oxidation peak is extremely broad, almost 
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Figure 5.19: Cyclic voltammograms of GFs in background electrolyte solutions of a) 0.1 M KCl and 
b) 0.1 M TBAP/acn, at 50 mV s-1. 
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indistinguishable from the baseline, while the reduction peak is non-existent. By comparison the 
graphitic felt has a clearly flatter baseline with discernible redox peaks. For a 3 mm carbon disc 
electrode in a 1 M ferrocene solution, simulations give an expected peak current of 13.5 nA, which 
is too small to be reliably measured using the standard experimental set-up, thereby requiring more 
a more advanced, and expensive, potentiostat. These peaks are characterised by their minimal peak 
to peak separation, again indicating the difference in diffusion model between the felt and the planar 
disc. This along with the comparably lower current density of the felt, is an effect of the thin layer type 
electrochemistry seen with the felts (at low scan rates) rather than the semi-infinite diffusion of the 
disc electrode.  
Figure 5.20 shows the voltammogram for a graphitic felt and an EPPG electrode in a non-aqueous 
1 M ferrocene solution. In the case of the GF, the flat baseline, ‘perky’ peaks and small peak to peak 
potential, characteristic of the thin layer voltammetry are clearly visible. Notice how well the graphitic 
felt performed in a low concentration solution relative to the EPPG. The magnitude of the analyte 
peak current for the GF sample versus the blank baseline is significantly higher than that of the EPPG, 
this is the key principle of investigating the detection limits of GFs. The graphitic felt was then 
evaluated with a much lower concentration to investigate to what level these materials are able to 
perform. Figure 5.21 b) shows the graphitic felt in a 25 nM ferrocene solution. Even at such a low 
concentration the redox peaks of the ferrocene are still clearly distinguishable.  
 
P a g e  | 138 
 
0.0 0.2 0.4 0.6 0.8
-0.5
0.0
0.5
1.0
I 
/ 

A
E / V vs SCE
 1 M ferrocene 
 0.1 M TBAP/ acn
0.0 0.2 0.4 0.6 0.8
-10
-5
0
5
10
I 
/ 

A
E / V vs SCE
 1 M ferrocene
 0.1 M TBAP/acn
P a g e  | 139 
 
 
  
0.0 0.2 0.4 0.6 0.8
-10
-5
0
5
10
I 
/ 

A
E / V vs SCE
 EPPG
 GF
Figure 5.20: Cyclic voltammograms of a) an EPPG electrode and b) a GF electrode, in 1.0 M ferrocene in 
0.1 M TBAP/acn solution and with the background electrolyte control of 0.1 M TBAP/acn, and c) the overlaid 
cyclic voltammograms of both the EPPG and GF in in 1.0 M ferrocene in 0.1 M TBAP/acn solution. All cyclic 
voltammograms measured at 50 mV s-1. 
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Both the GF electrodes and an EPPG electrode were measured in ferrocene solutions of increasing 
concentration from 10 nM to 0.1 mM. The resulting cyclic voltammograms were evaluated using the 
peak integration software from Origin Pro, with the associated charge of the ferrocene oxidation peak 
determined across the range of solution concentrations. Figure 5.22 shows the results for the graphitic 
felts and EPPG electrode determined using this method. As observed between 1 M and 60 nM there 
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Figure 5.21: Cyclic voltammograms of a GF in a) 100 nM and b) 25 nM ferrocene in 0.1 M 
TBAP/acn solution, versus the GF in 0.1 M TBAP/acn background electrolyte solution. All cyclic 
voltammograms measured at 50 mV s-1. 
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is a clear linear relationship between concentration and charge density for the GFs, but with both felts. 
Despite being able to measure the redox signal of ferrocene at concentrations below 60 nM there is 
no longer a clear relationship between charge density and concentration. So a simple observation of 
the data suggests the LoD is down to as low as ~20 nM, the LoQ is ~60 nM. Using the 3method to 
give a statistical value a LoD of 156 nM is achieved, while the 10value is 0.52 M, while these values 
are higher than simple observation may suggest, they are still noteworthy, showing the impressive 
range of concentrations the GF electrode can measure. In comparison, we see that the EPPG electrode 
has an excellent stability from 0.1 mM down to around 3 µM. Although there is a good linear 
relationship across the whole of this region, below 3 µM it is impossible to determine redox peaks on 
the voltammogram. As expected the GF shows a linear relationship across this whole concentration 
region. By comparing the charge/concentration relationship across the entire range of concentrations, 
it is clear to see the performance of the GFs. The GFs have a distinctive linear relationship across the 
0.1 mM to 60 nM region. The felt electrodes are clearly able to measure across a wide range of 
ferrocene concentrations and to a much lower concentration than the disc electrodes in non-aqueous 
solutions. 
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By using the known dimensions of the GF electrode, it is possible to estimate a maximum and 
minimum value for the ferrocene oxidation charge. The minimum charge is based upon the 
concentration of the ferrocene and the volume of the GF electrode. The maximum takes this value 
and adds the amount of charge gained from treating the external surface area of the felt as a planar 
electrode. The dimensions of the felt (2.8 mm x 10 mm x 10 mm) and the felt porosity, can be 
determined from the mass measurement as shown previously in this chapter. Therefore, complete 
oxidation of ferrocene within the GF would require nFc moles of ferrocene within the felt, where nFc is 
given by: 
𝑛𝐹𝑐 = [𝐹𝑐
+]𝑏𝑢𝑙𝑘𝑉𝐺𝐹         (5.12) 
Where [Fc+]bulk is the concentration of the initial solution and VGF is the volume of the GF electrode. 
Determining the minimum charge is then simply a case of multiplying the internal surface, Qint, area 
by Faraday’s constant:  
𝑄𝑖𝑛𝑡 = 𝐹𝑛𝐹𝑐          (5.13) 
If the external surface area of the GF is considered as a planar electrode, where surface area, A, is 
3.12cm2, and D and k0 are found from the work in chapter 4, the charge relating to purely the external 
surface, Qext, can be approximated by simulating the reaction and measuring the resulting charge. 
Combining the internal (Qint) with the external (Qext) charge, a value for total theoretical charge can be 
estimated.  
Figure 5.22: Charge density versus ferrocene concentration for GFs electrodes and an EPPG 
electrode.  
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Figure 5.23 plots the charge from the oxidation of ferrocene against the concentration of ferrocene. 
The upper and lower limits are calculated as described above. Interestingly, the experimental result is 
not between the upper and lower limits, as might be expected, but follows a linear range at a value of 
roughly half the expected lower limit. This is likely a product of the scan speed (50 mV s-1) that the 
experimental results were taken, and only around half of the ferrocene concentration was oxidised. 
To ensure full oxidation of the felt contents a slower scan speed (≤10 mV s-1) would be required. This 
result again highlights the ability of the GF electrode to detect concentrations across a wide range of 
concentrations, whilst suggesting the lowest limits of both detection and quantification, could 
potentially be even lower than shown in this chapter.  
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Figure 5.23: Charge density versus ferrocene concentration for a GF electrode. Also shown at the 
theoretical upper and lower charge limits.   
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5.5.1.2 Ferrocyanide Electrochemistry  
Aqueous solutions provide additional challenges for graphitic felt electrochemistry. One of the key 
aspects to the graphitic felts performance is its large surface area, around 800 times larger than that 
of the 3-mm diameter, planar disc electrodes. The structure of the felt, however, makes ensuring 
wettability throughout the entire electrode especially important. The fibrous nature of the felt 
combined with the hydrophobicity of the carbon surface dominates the wetting of the felt interior. 
Aqueous solutions invariably suffer in this respect when compared to the non-aqueous solutions, for 
example acetonitrile, due to the higher surface tension of water. For these reasons, it is essential to 
ensure the interior of the felt is fully wetted as this is a major factor in the magnitude of the analyte 
signal in aqueous solutions.  
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Figure 5.24 c) show again a comparison between a planar EPPG electrode and a graphitic felt electrode 
in a 1 M ferrocyanide solution in 0.1 M KCl background electrolyte. Much like in the previous example 
for non-aqueous electrochemistry (Figure 5.20), the EPPG electrode has barely visible redox peaks, 
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Figure 5.24: Cyclic voltammograms of a) an EPPG electrode and b) a GF electrode, in 1.0 M 
ferrocyanide in 0.1 M KCl solution and with the background electrolyte control of 0.1 M KCl, and 
c) the overlaid cyclic voltammograms of both the EPPG and GF in in 1.0 M ferrocyanide in 0.1 M 
KCl solution. All cyclic voltammograms measured at 50 mV s-1. 
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whereas the GF has comparatively well-defined peaks and a much flatter baseline.  As with the 
previous non-aqueous example, the graphitic felt is able to give distinct redox peaks across a wide 
range of concentrations.  Figure 5.25 a) displays the voltammograms for a GF in 100 nM ferrocyanide 
solution, while Figure 5.25 b) shows that the GFs can still be effective at nanomolar concentrations in 
aqueous solutions.  
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Figure 5.25: Cyclic voltammograms of a GF in a) 100 nM and b) 25 nM ferrocyanide in 0.1 M KCl 
solution, versus the GF in 0.1 M KCl background electrolyte solution. All cyclic voltammograms 
measured at 50 mV s-1. 
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The corresponding charge density / concentration relationship shown in Figure 5.26 suggests the GFs 
results become quantitatively unreliable just below 100 nM. In the linear region of 60 nM to 10 µM 
we do see a good degree of repeatability between the GF electrodes. Comparatively the EPPG 
electrode performed better for the aqueous system than in the non-aqueous, ferrocene system. In 
this aqueous system the EPPG maintains a linear relationship down to around 400 nM ferrocyanide in 
contrast to 3 M for ferrocene. The GF LoQ is largely unchanged in the non-aqueous system. Following 
the charge/concentration profile Figure 5.26 the linear relationship breaks down below 100 nM, 
between 60 and 80 nM. When compared to the 60 nM ferrocene LoQ found previously this suggests 
the GFs ability to detect small concentrations is not severely affected by solution solvent. The LoD for 
the GFs in aqueous ferrocyanide solutions must again be very low, an analyte signal was detected as 
low as 10 nM, suggesting it is possible to detect a signal at a concentration below this. The 
3statistical analysis returns a LoD of 68 nM and the 10analysis, a LoQ of 0.2 M, both of which 
compare well to the non-aqueous system.  
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Figure 5.26: Charge density versus ferrocyanide concentration for GFs electrodes and an EPPG 
electrode.  
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As with the non-aqueous system, the charge passed by the GF at each ferrocyanide concentration was 
determined by integration and then plotted alongside the theoretical upper and lower limits of 
expected charge in Figure 5.27. Unlike the non-aqueous system however, the resulting charge 
measure from the ferrocyanide system is higher than the theoretical value predicted. Although a 
definitive cause was not discovered during the course of this work, this result could relate to 
interactions between the aqueous system and the platinum wire used as part of the experimental set-
up. To discover the exact reason of this unexpected charge would be part of the further work to be 
conducted in this area. Despite this the LoQ and concentration detection afforded by these electrodes, 
considering the relaxed experimental setup and financial cost of the felt electrode, is impressive. 
5.6. Conclusions 
The experimental method outlined in this study allows GF electrodes to be used in quiescent 
electrochemical experiments yielding well-defined voltammetric peak signals. When the resulting 
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Figure 5.27: Charge density versus ferrocene concentration for a GF electrode. Also shown at the 
theoretical upper and lower charge limits.   
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experimental voltammograms are combined with simulations, several key properties of the GF can be 
determined. These include the electrochemical surface area, the average pore size and the ko values 
for a range of redox systems. Capacitance measurements reveal the chemical nature of the carbon 
surface. To fully exploit the electroanalytical applications of the GF electrodes, a more robust 
simulation method is required. This will involve generating a 1D model based on radial coordinates 
rather than the Cartesian coordinates used in the current software and modelling the GF electrode as 
an ensemble. 
In the two classical redox systems presented, the GFs have shown a remarkable ability to detect low 
concentrations of analyte in different solvent systems. It has also been shown that comparatively, they 
are able to detect concentrations 10 – 100 times lower than those of a carbon planar disc electrode. 
Given the low cost and their disposable nature, the results presented in this chapter justify further 
work to develop this promising electrode material for use in electrochemical sensors. A popular area 
of research is the detection of ascorbic and uric acid samples, both as individual samples and in 
solution together. This would provide an excellent opportunity to investigate the electrochemical 
resolution of the GFs. Another area of investigation would be to look at an array of voltammetric 
methods, other than cyclic voltammetry. With methods such as pulse or square wave voltammetry, 
both the limits of quantification and detection may further be reduced.  
5.7. References 
[1] U.T. Austin, A.Z. Weber, M.M. Mench, J.P. Meyers, P.N. Ross, J.T. Gostick, Q. Liu, Redox Flow 
Batteries, a Review, Journal of Applied Electrochemistry 41(LBNL-5442E) (2011). 
[2] P. Zhao, H. Zhang, H. Zhou, B. Yi, Nickel foam and carbon felt applications for sodium 
polysulfide/bromine redox flow battery electrodes, Electrochimica Acta 51(6) (2005) 1091-1098. 
[3] T. Wu, K. Huang, S. Liu, S. Zhuang, D. Fang, S. Li, D. Lu, A. Su, Hydrothermal ammoniated 
treatment of PAN-graphite felt for vanadium redox flow battery, Journal of solid state 
electrochemistry 16(2) (2012) 579-585. 
[4] A. Shah, M. Watt-Smith, F. Walsh, A dynamic performance model for redox-flow batteries 
involving soluble species, Electrochimica Acta 53(27) (2008) 8087-8100. 
P a g e  | 150 
 
[5] A. Di Blasi, O. Di Blasi, N. Briguglio, A. Aricò, D. Sebastián, M. Lázaro, G. Monforte, V. Antonucci, 
Investigation of several graphite-based electrodes for vanadium redox flow cell, Journal of Power 
Sources 227 (2013) 15-23. 
[6] M.H. Chakrabarti, N.P. Brandon, S.A. Hajimolana, E. Tariq, V. Yufit, M.A. Hashim, M.A. Hussain, 
C.T.J. Low, P.V. Aravind, Application of carbon materials in redox flow batteries, Journal of Power 
Sources 253 (2014) 150-166. 
[7] N. Vatistas, P. Marconi, M. Bartolozzi, Mass-transfer study of the carbon felt electrode, 
Electrochimica acta 36(2) (1991) 339-343. 
[8] D. You, H. Zhang, J. Chen, A simple model for the vanadium redox battery, Electrochimica Acta 
54(27) (2009) 6827-6836. 
[9] Q. Xu, T. Zhao, Determination of the mass-transport properties of vanadium ions through the 
porous electrodes of vanadium redox flow batteries, Physical Chemistry Chemical Physics 15(26) 
(2013) 10841-10848. 
[10] W. Wang, X. Wang, Investigation of Ir-modified carbon felt as the positive electrode of an all-
vanadium redox flow battery, Electrochimica Acta 52(24) (2007) 6755-6762. 
[11] X.-g. Li, K.-l. Huang, S.-Q. Liu, T. Ning, L.-q. Chen, Characteristics of graphite felt electrode 
electrochemically oxidized for vanadium redox battery application, Transactions of Nonferrous 
Metals Society of China 17(1) (2007) 195-199. 
[12] W. Zhang, J. Xi, Z. Li, H. Zhou, L. Liu, Z. Wu, X. Qiu, Electrochemical activation of graphite felt 
electrode for VO 2+/VO 2+ redox couple application, Electrochimica Acta 89 (2013) 429-435. 
[13] D.A. Brownson, L.C. Figueiredo-Filho, X. Ji, M. Gómez-Mingot, J. Iniesta, O. Fatibello-Filho, D.K. 
Kampouris, C.E. Banks, Freestanding three-dimensional graphene foam gives rise to beneficial 
electrochemical signatures within non-aqueous media, Journal of Materials Chemistry A 1(19) (2013) 
5962-5972. 
[14] B. Delanghe, S. Tellier, M. Astruc, Mass transfer to a carbon or graphite felt electrode, 
Electrochimica Acta 35(9) (1990) 1369-1376. 
[15] K. Kinoshita, S. Leach, Mass‐Transfer Study of Carbon Felt, Flow‐Through Electrode, Journal of 
The Electrochemical Society 129(9) (1982) 1993-1997. 
[16] N. Parikh, J. Allen, R. Yassar, Microstructure of gas diffusion layers for PEM fuel cells, Fuel Cells 
12(3) (2012) 382-390. 
[17] C. Amatore, J.M. Savéant, D. Tessier, Charge transfer at partially blocked surfaces: A model for 
the case of microscopic active and inactive sites, Journal of electroanalytical chemistry and 
interfacial electrochemistry 147(1-2) (1983) 39-51. 
P a g e  | 151 
 
[18] M. Rudolph, D.P. Reddy, S.W. Feldberg, A simulator for cyclic voltammetric responses, Analytical 
chemistry 66(10) (1994) 589A-600A. 
[19] A. Bard, L. Faulkner, Electrochemical Methods: Fundamentals and applications, 2nd ed., Wiley, 
New York, (2000). 
[20] T.J. Davies, R.G. Compton, The cyclic and linear sweep voltammetry of regular and random 
arrays of microdisc electrodes: Theory, Journal of Electroanalytical Chemistry 585(1) (2005) 63-82. 
[21] T.J. Davies, S. Ward-Jones, C.E. Banks, J. del Campo, R. Mas, F.X. Munoz, R.G. Compton, The 
cyclic and linear sweep voltammetry of regular arrays of microdisc electrodes: fitting of experimental 
data, Journal of Electroanalytical Chemistry 585(1) (2005) 51-62. 
[22] B.A. Brookes, T.J. Davies, A.C. Fisher, R.G. Evans, S.J. Wilkins, K. Yunus, J.D. Wadhawan, R.G. 
Compton, Computational and experimental study of the cyclic voltammetry response of partially 
blocked electrodes. Part 1. Nonoverlapping, uniformly distributed blocking systems, The Journal of 
Physical Chemistry B 107(7) (2003) 1616-1627. 
[23] T.J. Davies, B.A. Brookes, A.C. Fisher, K. Yunus, S.J. Wilkins, P.R. Greene, J.D. Wadhawan, R.G. 
Compton, A computational and experimental study of the cyclic voltammetry response of partially 
blocked electrodes. Part II: Randomly distributed and overlapping blocking systems, The Journal of 
Physical Chemistry B 107(26) (2003) 6431-6444. 
[24] R.L. McCreery, Carbon Electrodes: Structural Effects on Electron Transfer Kinetics, in: A.J. Bard 
(Ed.), Electroanalytical Chemistry: A Series of Advances, CRC Press (1990). 
[25] A. Baars, M. Sluytersrehbach, J.H. Sluyters, Application of the dropping mercury microelectrode 
(DM-MU-E) in electrode-kinetics and electroanalysis, Journal of Electroanalytical Chemistry 364(1-2) 
(1994) 189-197. 
[26] N.J. Freeman, R. Sultana, N. Reza, H. Woodvine, J.G. Terry, A.J. Walton, C.L. Brady, I. Schmueser, 
A.R. Mount, Comparison of the performance of an array of nanoband electrodes with a macro 
electrode with similar overall area, Physical Chemistry Chemical Physics 15(21) (2013) 8112-8118. 
[27] M.C. Henstridge, R.G. Compton, Mass Transport to micro- and nanoelectrodes and their arrays: 
a review, Chemical Record 12(1) (2012) 63-71. 
[28] K. Dawson, A. Wahl, R. Murphy, A. O'Riordan, Electroanalysis at Single Gold Nanowire 
Electrodes, Journal of Physical Chemistry C 116(27) (2012) 14665-14673. 
[29] R.E.G. Smith, T.J. Davies, N.D. Baynes, R.J. Nichols, The electrochemical characterisation of 
graphite felts, Journal of Electroanalytical Chemistry 747 (2015) 29-38. 
[30] Nomenclature, symbols, units and their usage in spectrochemical analysis—II. data 
interpretation Analytical chemistry division, Spectrochimica Acta Part B: Atomic Spectroscopy 33(6) 
(1978) 241-245. 
P a g e  | 152 
 
[31] J. Mocak, A.M. Bond, S. Mitchell, G. Scollary, A statistical overview of standard (IUPAC and ACS) 
and new procedures for determining the limits of detection and quantification: Application to 
voltammetric and stripping techniques (technical report), Pure and Applied Chemistry 69(2) (1997) 
297-328. 
  
P a g e  | 153 
 
 
 
 
 
  
Chapter 6: 
Investigation into the Electrochemical 
Modification of Carbon Surfaces via an 
Aryl Radical Mechanism. 
P a g e  | 154 
 
Contents 
6.1 Introduction: ................................................................................................................................. 155 
6.2 Results and Discussion .................................................................................................................. 155 
6.2.1 Modification of glassy carbon electrode ................................................................................... 155 
6.2.2 Electrodes; Glassy Carbon versus Edge Plane Pyrolytic Graphite .............................................. 157 
6.2.3 V1 Polyoxometalate ................................................................................................................... 158 
6.2.4 Positive Grafting Potentials........................................................................................................ 159 
6.2.5 Grafting Time ............................................................................................................................. 161 
6.2.6 Cyclic Grafting ............................................................................................................................ 162 
6.2.6. Grafting and Functionalisation of Au (111) ............................................................................... 172 
6.2.7. 2nd Generation Blocking Molecules........................................................................................... 180 
6.2.7.1 Grafting and Functionalisation on Graphitic Felts .................................................................. 181 
6.2.7.2 Functionalisation with Ferrocene ........................................................................................... 185 
6.2.8. Investigation of Ascorbic Acid ................................................................................................... 191 
6.3 Conclusions ................................................................................................................................... 196 
6.5 References .................................................................................................................................... 197 
  
P a g e  | 155 
 
6.1 Introduction: 
Carbon materials are employed in numerous application, from mechanical components to biomedical 
devices, neutron moderators in nuclear engineering, to electrochemical electrodes and charge 
transfer devices. In many cases, the properties of the carbon surface, are key to its effective use. By 
having the ability to control the surface of a material, we are better able to fit that material to a specific 
requirement. It has been shown that for catalysing oxidation reactions, the presence of nitrogen 
containing surface groups are crucial to the carbons activity, and for electrocatalysis, oxygen groups 
on the carbon surface are essential [1]. Two of the most important reactions within a PEFC fuel cell, 
the oxidation of H2(g) and the O2(g) reduction reaction are heavily reliant on the surface of the electrode 
(often platinum on a carbon support). The electronic properties of a carbon surface can also be 
modified by the addition of chemisorbed or physisorbed molecules with electron acceptor or donor 
groups [2-4]. The ability to adapt the carbon surface to such a vast array of applications has created 
significant academic and commercial interest in advancing existing functionalisation techniques and 
developing new ones. The electrochemical attachment of an organic molecule to a conductive 
material, such as carbon, is often called electrografting. The aim of this chapter was to investigate the 
modification of surfaces, of both graphitic felt (GF) and gold, by the electrografting of diazonium 
molecules to the surface. Finding a reliable method of altering the surface layer of the GF would allow 
the ‘tuning’ of the surface, by altering the surface molecule, to the particular goal of improving the 
carbon-POM interaction in the advanced CRRC fuel cells. It could also open up new possibilities for the 
use of GF’s in sensing applications.  
6.2 Results and Discussion 
6.2.1 Modification of glassy carbon electrode 
Initially modification work was carried out on a glassy carbon electrode using the 4-nitroanaline 
solution to produce a 4-nitrophenyl surface layer. This was carried out as described in chapter 4, with 
a 3-electrode configuration using a saturated calomel reference electrode (SCE) and a platinum mesh 
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counter electrode alongside the glassy carbon (GC) working electrode. The surface layer was grafted 
using the potentiostatic technique at 0.7 V for 10 minutes in the grafting solution. 10 mM ferricyanide 
in 1 M KCl (pH 5.5) was used as a redox probe to determine how successful the grafting had been. The 
4-nitrophenyl modified electrode was placed in the ferricyanide solution and cycled between -0.2 V 
and 0.6 V across a range of scan rates. 
 
 
It is clear from Figure 6.2 that the surface is effectively passivated by the 4-nitrophenyl surface 
layer [5]. Whilst only the 10 mVs-1 scan rate is shown, the effect is similar across the scan rates used 
up to 1 V/s. Using the simulation method described in chapter 5 to discern the electron transfer rate 
constant, ko = 0.0035 cm s-1 for the unmodified GC electrode, which is in agreement with previous 
work [6]. The lack of discernible peaks prevented the value of ko for the modified. 
Figure 6.1: Structure of 4-nitroanaline molecule. 
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6.2.2 Electrodes; Glassy Carbon versus Edge Plane Pyrolytic Graphite 
The structure of glassy carbon (GC) contains a mixture of both edge and basal plane in the form of 
interconnected graphite ribbons [7]. In comparison edge plane graphite contains (EPPG) sheets of 
graphite orientated with the graphite’s edge plane at the electrodes surface. Whilst the edge plane 
electrode is less representative of the carbon electrodes used in the fuel cell, due to the relatively 
small amount of basal plane graphite, it is widely believed to more active, giving a better cyclic 
voltammogram signal compared to than GC, as shown in chapter 3. To compare, both electrodes were 
polished and cleaned before being used to measure the CV of 10 mM ferricyanide solution. Figure 6.3 
shows the edge plane electrode has a peak to peak separation of 57 mV rather than the GC separation 
of 85 mV. This suggests the solution is electrochemically reversible on the EPPG, displaying faster 
kinetics ko = 0.004 cm s-1 (determined by the simulation method used in Chapter 5) than on the GC, 
Figure 6.2:  Voltammograms of Glassy Carbon electrode with (black) and without (red) a 
nitrobenzene surface layer in 10 mM ferricyanide, 1 M KCl at 10 mV s-1. 
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where the ferrocyanide is only quasi-reversible. For these reasons the edge plane electrode is used as 
the main electrode in the rest of this chapter [8]. 
 
 
6.2.3 V1 Polyoxometalate  
After using the ferricyanide solution to determine the baseline for both the clean carbon electrodes 
and the electrodes post-grafting, a similar set of experiments were run using V1 POM electrolyte. 
After polishing and cleaning, the EPPG electrode was placed in a cell containing 0.3 M V1 POM (pH 0) 
and cycled between 0.9 – 0.1 V at a range of scan rates. Figure 6.4 shows the cyclic voltammogram 
of this experiment. The initial redox peaks at approximately 0.5 V relates to the reduction/oxidation 
of vanadium in the Keggin, whereas the peaks around 0.2 V are due to the reduction/oxidation of 
molybdenum in the Keggin [9]. For the simulation of ko, only the initial pair of peaks relating to the 
redox of the vanadium are used. After achieving CVs for the naked/unmodified EPPG electrode 
(Figure 6.4), experiments then examined the effect of deposition potential and time on layer 
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Figure 6.3:  Comparison of the second scans of Glassy Carbon (red) and Edge Plane Pyrolytic 
Graphite (black) electrodes in 10 mM ferricyanide solution at 10 mV s-1. 
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thickness. For the V1 POM shown in figure 6.4 ko = 6.0 x 10-3 cm s-1 was determined, with a diffusion 
coefficient of 3.2 x 10-6 cm2 s-1. 
 
 
6.2.4 Positive Grafting Potentials 
Literature indicated that a positive grafting potential, specifically 0.3 V, would be the optimum 
potential for grafting of 4-aminophenyl on carbon surfaces [10]. To investigate this, the previous setup 
for grafting was used and a range of positive potentials trialled. After grafting at a range of potentials 
for 600 s, the modified electrode was rinsed and transferred to a solution of 0.3 M V1 POM and cycled 
between 0.9 V and 0.1 V. There is a clear decrease in current between grafting at 0.5 V and 0.3 V as 
seen in Figure 6.5, whereas ko changes from the 6.0 x 10-3 cm s-1 for the clean electrode to 5.5 x 10-
3  cm s-1 for both the 0.7 V and 0.5 V grafting potentials, suggesting that the surface has been affected, 
although the lack of significant signal blocking would suggest very little, if any of the diazonium salt 
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Figure 6.4:  Voltammogram of clean EPPG electrode in 0.3M V1 POM at 10mVs-1 (no solution 
resistance compensation).  
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grafted to the surface.  For the other lower potentials, the lack of peak definition prevented ko from 
being determined  
 
However, when these results are compared to more negative grafting potentials produced using the 
same procedure but at grafting potentials of 0.1 V, -0.1 V and -0.3 V (Figure 6.6), it can be seen that 
thicker multilayers are formed at negative potentials, as indicated by the decreased amount of 
current.  This is consistent with the proposed grafting mechanism; i.e. lower grafting potentials lead 
to an increased rate of diazonium reduction producing more phenyl radicals.  
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Figure 6.5:  Comparison of positive grafting potentials against a clean EPPG electrode in 0.3 M V1 
POM at 10 mV s-1. Clean electrode (black) versus NB grafting at potentials of: 0.1 V (blue), 0.3 V 
(orange), 0.5 V (green) and 0.7 V (red). 
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6.2.5 Grafting Time 
 The next experiments examined how time played a factor in the type of layer formed. The grafting of 
the electrode was carried out using the potentiostatic grafting method as described previously, whilst 
varying the time held at -0.3 V. A dip coated electrode was also tested as a baseline measurement; 
this involved the electrode sitting in the grafting solution for 10 minutes before being transferred to 
the V1 POM solution and measured. 
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Figure 6.6:  Comparison of potential of grafting potentials on an EPPG electrode in 0.3 M V1 POM 
at 10 mVs-1. Potentials of 0.1 V (red), 0.3 V (black), -0.1 V (blue) and -0.3 V (green). 
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Figure 6.7 shows the expected result that a shorter grafting time results in a thinner or patchy surface 
layer allowing higher current to pass, including no reduction in current when using a dip coat. For the 
dip coated measurement, ko = 6.2 x 10-3 cm s-1, with an almost overlapping curve when compared to 
the bare electrode. Overall, it is clear that the potentiostatic method of grafting, even over very short 
time periods is producing a significant surface multilayer coverage, but significantly reducing current. 
An alternate approach was applied to attempt to gain greater control on the deposition of the 
diazonium where the deposition potential is not static, but cycled. 
6.2.6 Cyclic Grafting 
Using the same experimental setup as that of the potentiostatic method, the clean EPPG electrode 
was instead cycled between 0 V and -0.7 V over several scans, as seen in Figure 6.8. On the initial scan, 
there is clearly significant deposition from -0.4 V, which causes a reduction in current over subsequent 
Figure 6.7:  Comparison of effect of grafting time at -0.3 V, in 0.3 M V1 POM at 10 mVs-1. Bare 
electrode (black), dip coated (red), 60 s (blue) and 300 s (green). 
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scans as the surface layer becomes thicker. This method suggests that a significant surface layer can 
be formed with only a single scan. 
 
 
This technique is further preferable to the potentiostatic technique, as by determining the area under 
the curve, the charge and the surface coverage can be found. Note this makes two important 
assumptions, firstly that every electron passed reduces a diazonium salt to form the radical site, and 
secondly that every phenyl radical produced from the diazonium salt reduction attaches to the 
electrode-multilayer surface. These are difficult assumptions to make as dimerization of the radical 
diazonium is a very possible outcome.  
Figure 6.8:  Cyclic grafting of 5 mM nitrobenzene on a bare EPPG electrode, scans 1-6 at 10 mV s-1. 
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This technique was applied to the original nitrobenzene (NB) diazonium salt, as well as 3 further salts; 
4-aminobenzoic acid (ABA), 4-aminophenol (AP) and aminopyridine (APy), as shown in Figure 6.9. For 
each of these compounds it is important to determine the amount of reacted diazonium for each scan 
to determine the degree of reactivity of each structure. By integrating the area under both the forward 
and backward scan and multiplying the result by the scan rate the charge (Q) passed can be evaluated. 
Using the equation below it is then possible to find the number of moles of reacted diazonium, 
assuming that each electron passed reduces the diazonium by one electron.  
𝑚𝑜𝑙 =  
𝑄
𝐹
          (6.1) 
Where F is the Faraday constant. Literature cites a value of Γ = 12.5 x10-10 mol cm-2 for the closest 
packing of 4-phenyl nitro groups on a carbon surface [11]. The 3 mm diameter electrodes have a 
surface area of 0.0707 cm2, which would result in 8.84 x10-11 mol of grafted diazonium to cover the 
surface, assuming that every diazonium radical attacks the surface. The results for the coverage as 
number of monolayers per scan are presented in Figure 6.10. 
Figure 6.9:  Structures of, from left to right; 4-nitroanaline, 4-aminophenol, 4-aminopyridine and 4-
aminobenzoic acid. 
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In reality, it is unlikely that every diazonium radical attack will form a covalent bond to the electrode 
surface. A degree of the radicals will dimerize but not attach to the surface layer, contributing to 
charge passed but not surface coverage. Figure 6.10 shows that right from the initial scan enough 
charge has been passed to result in tens of multilayers forming. From the above Figure, it would 
appear that the nitrobenzene is able to react the greatest amount, most likely due to the complete 
lack of steric hindrance from preventing multilayer formation through radical attack at the 2 and 6 
positions of the phenyl ring. Whilst dimerization will be ever present, it is interesting to note that while 
each subsequent scan sees a reduction in charge, over the 6 scans charge is still able to flow. This 
could be explained in one of two ways; the surface attachment of diazonium is incomplete, leaving 
some of the electrode surface free to pass charge, or that the surface coverage is complete yet the 
conjugated nature of the phenyl ring leaves the surface layers somewhat conductive allowing for the 
reduction of diazonium to continue. It is clearly still difficult to control the grafting of the diazonium 
to the surface.  
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Figure 6.10:  Comparison of surface layer thickness with increasing scan number of different 
diazonium surface graftings: ABA (blue), NB (green), AP (red) and APy (black). 
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The difficulty in controlling the deposition of diazonium salt led to multilayer formation, and the 
preferred monolayer remained elusive. Following the work of Y. Leroux and P. Hapiot, protected 
diazonium salts are used to prepare a single monolayer on a carbon surface [12-14]. By including a 
bulky silyl terminal group on the diazonium, in theory multilayer formation should be sterically 
prevented. This technique should not only achieve a monolayer; it has the added convenience of 
further functionalisation. The silyl terminal group can be cleaved post-grafting to leave a highly 
active alkyne. This leads to a large number of possible terminal groups allowing the surface to be 
modified as desired. Following on from the characterisation of the graphitic felts in chapter 4 the 
functionalisation focusses on GFs, rather than planar disc electrodes. This chapter also discusses the 
effects of grafting protected diazonium salts onto GFs and the functionalisations possible post-
grafting. The protected diazonium precursors used within this chapter were provided by Dr Ross 
Davidson (Durham University) as part of a collaborative project with the group of Professor Andrew 
Beeby (Durham University) to investigate the possibility of functionalising graphene using the 
diazonium grafting process presented within this chapter.    
The initial investigation into the feasibility of a protected diazonium monolayer involved the 
molecule designated Protected Diazonium 1 (PD1) shown in Figure 6.11(Inset). The molecule was 
electrochemically grafted to the surface of the GF using the method described in chapter 4. Shown in 
Figure 6.11 is the cyclic voltammogram of the grafting of PD1. The reductive peak at -1.0 V is 
distinctive of the one electron reduction of the diazonium group, allowing radical attack of the 
carbon surface. The reaction is also irreversible, another factor in determining this as the diazonium 
reaction. 
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Whilst the current of successive scans does slowly decrease, it would be expected that a fully 
protected monolayer would prevent the majority of current flow. This leaves a few possible 
explanations as to why the current does not completely disappear in Figure 6.11. Firstly; that a 
complete monolayer has not yet been formed due to the length and bulk of the molecule. 
Deposition is slower due to the steric hindrance for molecules approaching the surface in the correct 
orientation. While there is a possibility of an incomplete surface coverage, the expectation would be 
that as the surface grafting began, the current of subsequent scans would be reduced by a blocking 
effect. The conjugated structure of PD1 leaves several sites on the aromatic rings open to attack by 
other free radical PD1 molecules. This could lead to the formation of multilayers, which may remain 
electrically conductive, again due to the conjugated nature of the molecules. This is turn would allow 
charge to continue to pass over several scans, generating a thicker surface layer. The most likely 
cause is a combination of multilayer formation and the dimerization of the molecule in solution. Due 
again to its length and highly conjugated structure, the molecule itself is a prime target for radical 
Figure 6.11: Cyclic voltammogram for the grafting of PD1 (molecular diagram inset) to a GF 
electrode. Scan at 30 mV s-1, in a solution of 5 mM PD1, four sweeps are shown. 
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attack. While the bulky silyl group offers a degree of protection from radical attack to the 2 and 6 
positions of the first benzene ring, the length of the molecule from dual benzene rings leaves the 3 
and 4 positions of the first benzene and 2 and 6 positions of the second ring, vulnerable. This would 
account for the large peak current. Figure 6.12 shows the cyclic voltammograms of an edge plane 
pyrolytic graphite (EPPG) planar disc electrode before and after the grafting of PD1, in a 1 mM 
ferrocyanide solution. Note that once the grafting has taken place, there is an almost complete drop 
in current suggesting a blocking surface layer has been deposited.    
 
 
One of the major difficulties faced when attaching organic groups to the GFs is producing evidence 
of the surface grafting and quantification of the layer thickness. The fibrous nature of the felts makes 
many forms of investigations (such as STM) difficult, as the strands of the fibre are not fixed but able 
to move. To determine whether or not the functionalisation had been successful, a different 
approach was taken. Following the cleaving of the protecting group using the method given in 
Figure 6.12: Cyclic voltammogram of a clean EPPG electrode (black) and a PD1 surface grafted EPPG 
electrode (red) in a 1 mM ferrocyanide in 0.1 M KCl solution at 50 mV s-1. 
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Chapter 4, a thioacetate group was attached to the terminal alkyne to investigate the potential for 
functionalisation. The thioacetate modified Protected Diazonium is referred to as PD1-TA. This 
would allow the subsequent attachment of 20 nm gold nanoparticles, and allow SEM to judge the 
success of the technique. Not only do gold nanoparticles form bonds with thiol groups [15], 
literature also suggests they are able to attach to alkyne groups also [16]. This allows the comparison 
of each step in the grafting process.  
A) 
B) 
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Figure 6.13 shows SEM images for GFs at different stages of functionalisation. A) shows a clean, 
unmodified felt, B) has had PD1 grafted to the surface, C) shows the felt after the silyl group has 
been cleaved to leave the terminal alkyne and for D) a thioacetate group has been added to the 
Figure 6.13: SEM images of GF surfaces a) clean, b) PD1 grafted surface, c) deprotected PD1 
grafted surface and d) thioacetate modified PD1 grafted surface. Images taken after GFs have 
been immersed for 24 hours in 20 nm gold nanoparticle solution. 
C) 
D) 
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alkyne using click chemistry (PD1-TA). Each of the 4 GFs spent 24 hours in a solution of 20 nM AuNPs 
(Sigma Aldrich), after which it was rinsed with ultra-pure water and left to dry at room temperature.  
Where there is no prior functionalisation on the GF surface, as in Figure 6.13 A), the AuNPs have 
become attached to the carbon surface, likely through a range of physisorbed bonds to the wealth of 
carbon/oxygen groups across the surface. However, upon grafting PD1 to the GF and creating a 
multilayer, the AuNPs are unable to find appropriate sites to attach to, leading to the greatly 
reduced number of NPs visible in Figure 6.13 B).  
Previous literature suggests that AuNPs find terminal alkynes to be a favourable site for adsorption 
[16]. This is clearly visible in Figure 6.13 C) where a significant increase of AuNPs decorating the 
surface of the GF. For Figure 6.13 D), two points can be noted; firstly there appears to be fewer 
AuNPs than on the alkyne image C), secondly that the GF itself has ‘fuzzier’ ridgelines, appearing less 
pristine than the previous samples. Both of these points can be explained by the process by which 
the thioacetate group is added to the monolayer. The chemistry involves stirring the GF in a harsh 
solution for several hours at 55 °C. The surface bound terminal alkynes, from the deprotected 
grafted layers, are highly active and liable to react with any nearby molecules, not just the 
thioacetate groups, reducing the amount of thioacetate attaching to the grafted layer. This in turn 
will lead to a reduced number of active binding sites for the AuNPs, resulting in fewer AuNPs visible 
in the SEM. Secondly, the conditions under which the functionalisation take place could be sufficient 
to roughen the GF surface. Although from the images it is unclear whether the GF surface has been 
roughened or if the ill-defined ridge lines are a product of the surface monolayer. While not a true 
analytical technique, the addition of AuNPs to the surface and the positive results point towards a 
successful grafting and modification procedure. 
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6.2.6. Grafting and Functionalisation of Au (111) 
The fibrous nature of the GF electrodes makes it very difficult to study the surface using 
spectroscopic techniques. Some techniques would require destruction of the electrode, whilst 
others would find it difficult to measure anything other than an abundance of carbon, or require a 
more stable surface to view the grafting on. A collaborative project with the groups of Professor 
Richard Nichols (University of Liverpool), Professor Bingwei Mao (Xiamen University), Professor 
Andrew Beeby (Durham University) and Professor Paul Low (University of Western Australia) began 
to study the grafting using both STM and RAMAN spectroscopy [17].  In order to better investigate 
the chemistry of the functionalisation, the same method of grafting and functionalisation was 
followed, but with the subject being a gold coated glass side rather than a GF electrode, allowing 
STM and Raman/SHINERS measurements to be recorded for the functionalised gold electrodes. The 
initial investigation, grafting, functionalisation and electrochemical experiments were carried out by 
the author as part of the investigation into the grafting process. The post-grafting/functionalisation 
STM and Raman/SHINERS measurements and analysis were conducted by Dr Jinghong Liang at 
Xiamen University, China, as part of the collaboration, with band assignments following literature 
values [18-20]. The following Raman spectra, tables of absorbance bands and STM image have all 
been graciously provided by Dr Jinghong Liang [17].  
P a g e  | 173 
 
 
 
Figure 6.14 shows cyclic voltammograms for the grafting of PD1 onto the gold surface at a scan rate 
of 30 mV s-1 in an acetonitrile solution containing 5 mM PD1, 5 mM NaNO2, 10 mM HClO4 and 0.1 M 
TBAB. TBAB served as the supporting electrolyte, a platinum mesh as the counter electrode, and SCE 
as the reference electrode. Figure 6.15 shows the cyclic voltammograms of the gold slide before and 
after grafting in a solution of 1 mM K4Fe(CN)6 and 0.1 M KCl, where the electrochemical blocking of 
the grafted electrode is clear to see. Figure 6.16 shows both the STM and SEM images of the grafted 
gold electrode after it has been submerged in gold nanoparticles in the same way as the carbon felts 
previously. 
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Figure 6.14: Cyclic voltammogram for the grafting of PD1 to a Au(111) electrode. Scan at 30 mV s-1, 
in a solution of 5 mM PD1, five sweeps are shown. 
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Figure 6.15: Cyclic voltammograms of a Au(111) electrode in 1 mM K4Fe(CN)6 and 0.1 M KCl 
before (red line) and after (black line) grafting, scan rate at 50 mV/s. 
 
A) 
P a g e  | 175 
 
 
 
Unlike with GF, grafting onto gold slides allows molecular characterisation of the surface and 
functionalisation steps with Raman spectroscopy. Figure 6.17 shows an illustration of the gap-mode 
and SHINERS methods used. The gap mode method relies on the adsorption of gold nanoparticles 
directly onto of the monolayer under investigation, while SHINERS (shell-isolated nanoparticle-
enhanced Raman spectroscopy) employs gold nanoparticles with a thin SiO2 shell [21-23]. Spectra 
were recorded with 633 nm laser excitation. A laser power of 0.15 mW was used for recording 
conventional Raman spectra of PD1 in solution and also gap mode Raman experiments, while 
1.5 mW power was used for SHINERS experiments. In all cases spectral collecting time was 10 
seconds. Control experiments were also undertaken for the gold nanoparticles on a clean gold 
substrate.  
Figure 6.16: A) STM and B) SEM image of PD1-TA decorated by 20 nm gold nanoparticles. 
 
B) 
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The Raman spectra of the surface grafted PD1 is compared against the spectra of PD1-TA in Figure 
6.18. Also included for control experiments are the spectra of the unmodified gold electrode and 
PD1 in solution. Table 6.1 shows there is clear agreement between the spectral bands of the original, 
PD1 solution and both of the surface bound molecules. Both the surface bound molecules present a 
stretching mode corresponding to the Au-C surface binding at ~400 cm-1, which is clearly absent in 
the solution based PD1 spectrum. There are also visible differences between the two surface bound 
molecules, with PD1-TA showing additional bands (1058 cm-1 and 1078 cm-1) relating to the phenyl 
ring stretches and a thioacetate bending mode (481 cm-1) clearly indicating the attachment of a 
thioacetate group [17]. The functionalization of PD1 to PD1-TA is further supported by the SHINERS 
spectra in Figure 6.19 and Table 6.2 with additional phenyl ring mode related to the thioacetate 
moiety following the Sonogashira reaction.   
Figure 6.17: A schematic illustration of gap-mode SERS (left) and SHINERS (right) nanoparticles particles 
on a molecular functionalised Au(111) surface [17]. 
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Figure 6.18: Gap-mode Raman spectra of 1) PD1 in solution, 2) surface bound PD1, 3) PD1-TA and 
4) clean Au(111) electrode. Reproduced from ref. [17]. 
 Table 6.1: Key gap-mode Raman spectral bands of solution PD1, surface bound PD1 and PD1-TA 
[17]. 
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For the following single molecule measurements using STM, the PD1-TA was used. The molecule is 
connected to the gold plate electrode via a C-Au bond formed by the diazonium grafting, and to the 
gold STM tip by a spontaneously formed, Au-S bond. The method used in these experiments, called 
the I(s) method has been thoroughly described in literature. It involves lowering the STM tip to the 
electrode surface, applying a bias voltage and then retracting the tip while measuring the current 
decay vs retraction distance [24]. Some of these tip-surface interaction lead to the attachment of the 
tip to the deposited thioacetate moiety, when the retraction occurs a plateau, characteristic to a 
particular single molecule conductance, is visible in the I(s) trace as the tip is further withdrawn from 
the surface, the molecular junction is severed, presumably between the tip and the surface grafted 
molecule. 
Figure 6.19: SHINERS Raman spectra of 1) solution PD1, 2) surface bound PD1, 3) PD1-TA and 4) a 
clean Au(111) electrode. Reproduced from ref. [17]. 
 
Table 6.2: Key SHINERS Raman spectral bands of solution PD1, surface bound PD1 and PD1-TA 
[17]. 
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The histogram in Figure 6.20b, showing the collection of all plateau containing traces of the PD1-TA, 
has a definite peak at 3.0 nS. Previous literature shows a similar molecular wire, containing three 
phenyl rings, gave a conductance of 2.0 nS [25]. Unlike the PD1-TA, this wire has a Au-S attachment 
at both ends as well as additional moieties on the middle phenyl ring. Other similar molecular wires 
with triple phenyl rings and amine terminations give a broad histogram peak with conductance 
values of around 2.5 nS [26]. The higher conductance value recorded for PD1-TA is expected due to 
the increased stability of the Au-C diazonium grafting, opposed to molecular wires with dual, 
chemisorbed Au-S connections [27]. Overall, these studies lend further support to the successful 
surface grafting, and post-grafting functionalisation of the protected diazonium molecules. 
6.2.7. 2nd Generation Blocking Molecules 
Following the experiments using PD1 and the difficulty in forming a single monolayer on the GF, due 
to the length of the molecule, a second set of molecules were investigated.  Designated Protected 
Diazonium 2 (PD2) and Protected Diazonium 3 (PD3), see Figure 6.21, these were again grafted onto 
GFs to further investigate surface chemical engineering on these materials.  
Figure 6.20: Thioacetate modified PD1 a) Diagram of STM experimental set up, b) 1D conductance 
histograms showing a peak at 3.0 nS and c) 2D conductance and distance histograms with a 1.7 nm break-
off distance. Reproduced from ref. [17] 
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These molecules were designed to overcome the issue of multilayer formation by firstly being 
shorter than PD1, but also PD3 has fluoride groups in the 2 and 6 positions on the benzene ring, 
preventing any form of attachment at these points. 
6.2.7.1 Grafting and Functionalisation on Graphitic Felts 
The grafting of the diazonium to the surface followed the same Sonogashira procedure as described 
previously and the resulting cyclic voltammograms are presented in Figure 6.22. Note that unlike the 
PD1 sample, after the initial scan the current drops dramatically. This is consistent with the 
formation of a single, blocking monolayer. By integrating the area under the scan, as previously 
shown, it is possible to determine the number of electrons exchanged through the electrochemical 
reaction when certain assumptions are made. For this calculation the percentage coverage 
(Γ0 = 12.5x10-10 mol cm-2) as described previously is used again here.  
Figure 6.21: Diagram of PD2 and PD3 molecules 
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Figure 6.22: Cyclic voltammograms of GF grafting at 30 mV s-1 in 5 mM a) PD2 and b) PD3. Five 
scans are shown. 
 
Table 6.3: Results of surface grafting charge integration. 
 
A) 
B) 
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Surface molecule Q / C Mols reacted Coverage (%) 
PD2 1.479 1.53 x10-5 223 
PD3 0.804 8.33 x10-6 121 
 
As mentioned, the large peak seen during the initial grafting scans in Figure 6.15a and b (-1.0 to -
0.5 V), followed by an immediate drop in current on subsequent scans would suggest that the entire 
surface has been effectively covered with a layer of the protected diazonium molecule.  Whilst the 
pronounced current drop after the first scan indicates that it is likely that the surface has been 
entirely covered, not all of the radical attacks will result in a covalent bond to the electrode surface. 
Instead, some radical attacks will lead to the dimerization of the protected diazonium compound in 
solution, rather than to those bound to the surface. It is interesting to note that while the fraction of 
expected coverage is expectedly high for both compounds, the charge consumed indicates that for 
PD2 almost double the quantity of diazonium reacts. This could be due to the blocking of the 2 and 6 
positions of the phenyl ring of PD3 by fluorine substituents, preventing radical attacks at these 
positions. This reduces the chance of the diazonium molecules reacting with themselves (dimerising) 
or attaching to pre-grafted material due to the 2 and 6 positions being blocked. This could explain 
the reduced grafting charge and consequently the computed total number of moles reacting for the 
fluorine-substituted analogue.  
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Figure 6.23 shows a GF before and after deposition of a) PD2 and b) PD3 surface layers, in a 1 M 
ferrocyanide in 0.1 M KCl solution at 50 mV s-1. In much the same way as for PD1 (Figure 6.12) it is 
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Figure 6.23: Cyclic voltammograms of clean GF (black) and GF after A) PD2 and B) PD3 surface 
grafting (red) in 1 M ferrocyanide solution at 50 mV s-1. 
 
A) 
B) 
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clear that a highly blocking surface layer has been deposited. Interestingly, for the PD3 sample 
(Figure 6.23b) there are still visible redox peaks for the ferrocyanide system after the surface has 
been coated. Ferrocyanide is an inner sphere redox probe that is very sensitive to the electrode 
surface, especially to the proportion of surface carbon-oxygen groups.[28] Whilst the significantly 
reduced current would suggest the surface has a significant level of PD3 coverage, the presence of 
ferrocyanide redox peaks, even small ones, suggests there may be exposed carbon surface. 
6.2.7.2 Functionalisation with Ferrocene 
One attractive functionality selected to investigate was a terminal ferrocene, as this provides an 
electrochemical probe of the surface modification. Following the same procedure as the previous 
post-grafting functionalisation, a bromoferrocene derivative was selected in place of the thioacetate 
functionalisation in the Sonogashira step. This would allow the ferrocene moiety to attach to the 
exposed alkyne of the cleaved protecting monolayer, with the aim that it remains sufficiently 
electroactive to serve as a direct electrochemical probe of the surface modification. The protected 
diazonium surfaces that have been cleaved and then functionalised with ferrocene are given the ‘-F’ 
notations, for example PD2-F.  
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Figure 6.24 shows the first, fifth and tenth scan for a PD2-F GF. The measurements are taken at 
50 mV s-1 in a solution of 0.1 M TBAP/Acetonitrile background electrolyte. The ferrocene redox 
system gives an oxidation peak at 0.65 V and a reduction peak at 0.45 V. Whilst these values are at a 
higher potential than would normally be associated with ferrocene, is entirely plausible due to the 
surface bound nature of the group. The peak-to-peak separation of almost 200 mV would suggest 
that this surface process is surprisingly slow on this grafted monolayer.  
 
A similar result can be seen in Figure 6.25 with the surface grafting of PD3. The large peak separation 
deviates strongly from what would be expected from ideal monolayer voltammetry with a reversible 
redox couple like ferrocene. Looking at the charge passed for the oxidative peak for each of the two 
surface grafted electrodes (Figure 6.26), after 10 repeat scans in the background electrolyte, the 
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Figure 6.24: Cyclic voltammograms of a PD2-F GF at 50 mV s-1 in a solution of 0.1 M 
TBAP/Acetonitrile background electrolyte.  
 
Figure 6.25: Cyclic voltammograms of a PD3-F GF at 50 mV s-1 in a solution of 0.1 M TBAP/Acetonitrile 
background electrolyte.  
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PD3-F surface has more than twice the charge of the PD2-F surface. Comparing the charge of the 
tenth scan for each surface to the expected number of mols in a single monolayer (68.8 nM) gives an 
insight into the degree of ferrocene functionalisation, assuming that the oxidative peak is entirely 
due to surface-bound ferrocene. For the PD2 surface only 0.43% of a monolayer has been 
functionalised, whereas for PD3 this value is 0.88%. Whilst these values suggest that the surface 
functionalisation has not been successful across the entire grafted surface, this is not entirely 
unexpected from the harsh conditions of the cleaving and functionalisation process, possibly leaving 
many surface sites unreceptive to the ferrocene.  
The two questions that remain difficult to answer are; why does the oxidative current increase with 
scan number, and secondly why is the behaviour of the reductive peak so far from ideal. The 
possible answer to both question could lie in the stability of the surface-bound ferrocene, and 
whether the high switching potential of 1 V could be oxidatively cleaving either the ferrocene, the 
entire surface molecule, or something in-between, off the carbon surface. To investigate this a series 
Figure 6.26: Chart of integrated charge vs scan number for PD2-F (red) and PD3-F (black) 
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of measurements were taken on the same modified GF electrode. These are shown in Figure 6.27 A), 
B) and C) below. 
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Figure 6.27 A) shows the first, fifth and tenth scans for the ferrocene modified GF, with an upper 
scan potential limit of 1 V. It can be noted that again with each subsequent scan, there is an increase 
in the oxidative peak height. Figure 6.27 B) shows the same GF, but the oxidative sweep of the 
experiment now stops at 0.8 V rather than 1 V. Now there appears to be no further increase in peak 
height and the scans now appear repeatable. Figure 6.27 C) shows a repeat of Figure 6.27 A) in order 
to determine if the change seen between the voltammograms of A) and B) was reversible. In C) the 
peak height does indeed begin to increase with scan number. This indicates that the high oxidative 
potential is having an effect on the surface. However, it is difficult to determine whether this 
amounts to a “negative effect” with molecules being oxidised off the surface, or a “positive effect”, 
in which the higher potential leads so some reordering or activation of the surface allowing more of 
the attached ferrocene to display visible redox active. 
In order to further investigate the grafting a series of control experiments were devised with both 
modified and unmodified electrodes. These are summarised in the following table: 
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Figure 6.27: Cyclic voltammograms for a PD2-F GF at 50 mV s-1 in 0.1 M TBAP/Acetonitrile background 
electrolyte. Scans 1, 5 and 10 are shown for a) 0.1 V to 1.0 V, b) 0.1 V to 0.8 V and c) repeat of (a). 
 
C) 
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Control 1 was used to investigate whether products used and generated during the post-grafting 
procedure led to the redox signals seen previously, rather these peaks arising from surface bound 
ferrocene. Control 2 was used to elucidate whether the voltammetric signals observed on the other 
electrodes are due to bromoferrocene being the active moiety and not due to any additional surface 
groups produced from the highly active alkyne group in the Sonogashira process. The GF Standard 
electrode follows the established procedure to produce a ferrocene terminated monolayer to 
provide a reference by which to judge the control experiment. 
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Table 6.4: Summary of control experiments. 
 
P a g e  | 191 
 
 
Figure 6.28 shows cyclic voltammograms for the various control electrodes measured in 0.1 M 
TBAP/acetonitrile. The Standard electrode again shows an oxidative peak in the region expected for 
the ferrocene attachment. In contrast, Control 2, where no ferrocene was introduced to the surface, 
shows a complete lack of oxidative peak. The higher capacitive current for this electrode may be due 
to the, now chaotically terminated, monolayer. With no bromoferrocene present, the highly active 
alkyne group will react with a wide range of groups, leading to a more heterogeneous monolayer. 
The CV for Control 1 does show an oxidative peak of sorts in the form of a shoulder at 0.8 V. This 
indicates that some ferrocene has been transferred from the Sonogashira reaction to the 
electrochemical measurements. This could be as a physisorbed species and may point to a lack of 
sufficient washing post-functionalisation. A more likely explanation may be physiosorption of the 
ferrocene on the unmodified carbon surface, as the presence of residual ferrocene on the modified 
surface due to inadequate washing might be expected to lead to a much broader signal on the GF 
Standard electrode.  
 
 
 
6.2.8. Investigation of Ascorbic Acid   
The electrochemical behaviour of ascorbic acid was selected for investigation at this point owing to 
its popularity as a target for electrochemical sensor detection. Whilst this obviously moves away 
from the initial aims of the project, it was of interest due to the emerging ability of using the GF 
electrodes as electrochemical sensors in their own right. (L-)Ascorbic acid (AA) also known as 
Vitamin C is one of the most important nutrients for humans, it’s health benefits include the 
Figure 6.28: Cyclic voltammograms for control experiments GF Control 1 (black), GF Control 2 
(red) and GF Standard (blue) at 50 mV s-1 in 0.1 M TBAP/acetonitrile. 
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prevention of scurvy, and high concentrations of AA are found in immune cells [29, 30]. Although 
their role in the immune system is unclear, it is consumed during periods of infection. There is a 
wide selection of literature on the study of AA by electrochemical methods due to its importance in 
the human body. It is also of interest as it is a well-documented chemically irreversible reaction that 
is sensitive to the electrode surface conditions [31]. A CV is shown in Figure 6.29 A) for an 
unmodified or ‘blank’ GF in the phosphate buffer background electrolyte solution and B) the blank 
GF’s first, fifth and tenth scan in 0.1 mM ascorbic acid solution. At first it would appear, from Figure 
6.29 B), that there is a degree of reversibility of the ascorbic acid oxidation, with a small reductive 
peak at 0.05 V. Upon closer inspection of the GF in the background electrolyte, it is clear that this 
reductive process is separate from the AA oxidation process. This could be due to some reaction 
between the carbon surface and the PBS system, or possibly contamination of the PBS system, as no 
reductive peak is normally seen at this potential [4]. When these voltammograms are overlaid in 
Figure 6.30 below, it becomes clear that there are two separate electrochemical processes, which at 
first glance had given the appearance of a complete redox system.  
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Figure 6.29: Cyclic voltammogram of a clean GF in a) 0.1 M pH 7 phosphate buffer solution (PBS) 
and b) 0.1 mM ascorbic acid in 0.1 M phosphate buffer solution at 50 mV s-1. 
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Figure 6.30: Overlaid cyclic voltammogram of a clean GF in 0.1 M PBS (black) and scan 1 of 
0.1 mM ascorbic acid in 0.1 M PBS (red) at 50 mV s-1. 
 
Figure 6.30: Cyclic voltammograms of the first, fifth and tenth scans for a) PD2 and b) PD3 
surface grafted GF in 0.1 mM ascorbic acid in 0.1 M PBS at 50 mV s-1. 
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After studying the solutions using clean GFs, the GFs were modified with the PD2 and PD3 protecting 
layers, using the same techniques presented earlier in the chapter. The following voltammograms in 
Figure 6.31 shows the first, fifth and tenth scans for the modified electrodes in 0.1 M ascorbic acid 
solution. While both electrodes have a clear oxidative peak for the ascorbic acid system, the peak is 
larger and better defined for the PD2 coating. It is also interesting that after the initial scan, this 
oxidative peak all but disappears, leaving only the reductive peak in the phosphate buffer, as seen 
with the bare GF electrode previously.  
 
 
Comparing the first scan for both the PD2, PD3 and blank electrodes, in Figure 6.32 above, provides 
an interesting insight. For both the PD2 and PD3 surface layers, relative to the blank electrode, the 
oxidative peak for the ascorbic acid has shifted positively by approximately 0.2 V. This is a significant 
shift and suggests that the oxidative process is now hindered, for example by the modified surface 
layer increasing the distance of closest approach for the ascorbate ions. The most interesting part of 
Figure 6.32: Overlaid cyclic voltammograms of scan 1 from a clean GF (black), PD2 (blue) and PD3 
(red) surface grafted GF, in 0.1 mM ascorbic acid in 0.1 M PBS at 50 mV s-1. 
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this, is that while the surface has been previously shown to have a large blocking effect on the 
electro-oxidation of ferrocyanide solutions, the oxidation of the ascorbic acid species is still possible.  
6.3 Conclusions 
Diazonium salts have been shown to be an effective method of surface modifications. They provide a 
strong surface bond, and have been shown to reliably block the POM from the electrode surface. 
Through adaptation of the grafting method from potentiostatic to cyclic, the grafting has become 
more controllable, but a repeatable method to functionalise the carbon surface with a single 
monolayer is still a challenge. Using this method to modify the surface of a graphite felt electrode, for 
use in a fuel cell, would be unfeasible. The surface layer is not stable and the production of multilayers 
would significantly reduce both the active surface area and the internal volume of the felts. This in 
turn reduces the efficiency of the electrodes. For these reasons depositing a single monolayer is 
preferable, it would also allow the effects of different diazonium terminal moieties to be seen, rather 
than being lost to the blocking effect of large multilayers. Work by Leroux et al suggested a method of 
grafting a single monolayer by using diazonium salts with large, terminal blocking groups [14]. The 
steric hindrance of these large groups prevents the radical diazonium salts in solution from reacting 
with those already grafted to the surface. The blocking groups can be removed later and replaced by 
different functionalities, making it a very versatile technique. 
This chapter has presented a method of preparing a carbon surface, namely graphitic felt, with a 
surface layer coverage of covalently bound diazonium derivatives. Once these phenyl layers have 
been attached to the surface, the process for altering their terminal moieties using the Sonogashira 
reaction has also be shown. While it is still difficult to determine the thickness of the surface layers 
using the techniques presented, it is entirely possible, due to the steric hindrance provided by the 
blocking groups of PD2 and PD3, that a monolayer or small number of layers has been formed. 
Furthermore, by instead preforming the surface modification on a Au(111) surface, additional 
investigative techniques, in the form of STM and Raman spectroscopy became available. The 
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spectroscopy in particular facilitated a molecular level examination of the compounds once surface 
bound. They provide evidence for the success of the post-grafting modification procedures, being 
able to remove the blocking group and then to attach a new functional group to the terminal alkyne. 
The interactions of these modified surfaces with ascorbic acid are also examined by cyclic 
voltammetry.  The complex nature of these surfaces makes it difficult to draw any definitive 
conclusions and further investigation is required. 
In closing, it is the authors hope that this chapter provides insight into many of the exciting routes 
further research in this subject area could take. Further surface investigation techniques, such as 
AFM, could provide information on the thickness of the grafted surface layer, although this may 
have to be deployed with model carbon surface such as HOPG or edge plane samples. There is a 
plethora of combinations of blocking groups that could be synthesised to help control and eventually 
reduce the formation of multilayers, and an equally large number of possible post-grafting surface 
modifications. These routes may lead to more versatile carbon surfaces with properties tuned by the 
surface modification. Numerous applications may be foreseen, especially in connection with the aim 
of this PhD in the fuel cell industry, where carbon electrodes are either deployed as catalyst supports 
or directly as electrodes in redox flow systems. 
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Overall Conclusions and Future Work. 
This thesis has shown the development of fundamental techniques in the preparation of graphitic felts 
for use in a stationary electrochemical cell, as well as novel methods for interpreting the data to 
determine structural information relating to pore size within the material. Simulations also reveal 
important electrochemical information, such as the diffusion coefficient and the electron transfer rate 
constant for the analytes under investigation. Future work in this area will need to develop a more 
robust simulation method. The current one-dimensional method relies on Cartesian coordinates, but 
a one-dimensional model using radial coordinates would give a more representative view of the 
environment within a felt electrode.  
The limit of detection work begun in this thesis showed graphite felts have great potential as 
electrochemical sensors, bucking the trend of using smaller, micro-electrodes to detect minute 
concentrations. Low concentrations of metals could be studied using anodic stripping voltammetry. 
This could have particular applications in the food and drink industry to detect toxic metals such as 
cadmium and mercury. Graphite felt electrodes may be able to detect low concentrations of trace 
metals without introducing additional mercury into the test environment. 
The difficulties in using potential or time controls to reliably graft a uniform layer of diazonium 
molecules to the surface of the carbon electrode have been shown. The future of this route of 
surface modification relies directly on the second generation of diazonium molecules that contain a 
bulky blocking group to prevent multilayer formation. Whilst the technique itself was developed 
elsewhere, the application of this to a 3D structured electrode, such as graphite felt, is novel, and 
allows for future work to refine the technique and build upon its applications. Surface investigation 
techniques, such as AFM, could provide information on the thickness of the grafted surface layer, 
although this may have to be deployed with model carbon surfaces such as HOPG or edge plane 
samples. There is a plethora of combinations of blocking groups that could be synthesised to help 
control and eventually reduce the formation of multilayers, and an equally large number of possible 
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post-grafting surface modifications. These routes may lead to more versatile carbon surfaces with 
properties tuned by the surface modification. Numerous applications may be foreseen, especially in 
connection with the aim of this PhD in the fuel cell industry, where carbon electrodes are either 
deployed as catalyst supports or directly as electrodes in redox flow systems. In addition this thesis 
has shown how this technique is also applicable to a metal surface, such as gold. The post-grafting 
modification will provide a range of terminal moieties for the study of molecular junctions via AFM 
as initiated in this work. 
Overall in terms of meeting the initial objectives of this thesis this project has had success and 
setbacks. The study of graphite felt and its use as a stationary electrode was very successful and the 
work regarding this has now been published. Work relating to the graphite felts potential in an 
electrochemical sensing application is still on going at time of writing. Unfortunately, the modified 
graphitic felts were not able to be tested in a working fuel cell due to complications arising outside 
the scope of this project. Despite this, the modification of graphite felts with a thin layer of blocked 
diazonium, followed by the post –grafting modification of this layer was achieved successfully. 
 
 
 
 
 
 
 
